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General Introduction 
The picornaviridae comprises a large group of 
human and animal pathogens. Based on molecular 
biological characteristics and pathogenic properties, 
this virus family is divided into six different genera: 
Enteroviruses (polioviruses, coxsackieviruses types A 
and B, ECHO viruses), rhinoviruses (common cold 
viruses), cardioviruses (encephalomyocarditis virus, 
mengovirus, Theiler's murine encephalomyelitis virus), 
aphthoviruses (foot-and-mouth disease viruses), 
hepatoviruses (hepatitis A virus), and parechoviruses 
(ECHO virus types 22 and 23) (80). 
Development of molecular biological techniques 
in the last decades has had an accelerating effect on 
Picornavirus research. Especially the availability of 
cloned cDNAs, obtained from Picornavirus RNA 
genomes was of great importance (77). The discovery 
that cells transfected with RNA, transcribed in vitro 
from the viral cDNA, produced new viruses, offered 
new possibilities to study molecular mechanisms of 
viral translation and replication (77, 86). 
Because of the social and medical impact of 
poliomyelitis, poliovirus has been the topic for 
extensive research for decades, and poliovirus became 
the Picornavirus prototype. More recently, the study on 
other human and animal picomaviruses, like the 
Coxsackie В viruses, hepatitis A virus, and foot-and-
mouth disease virus has been intensified. Both human 
and animal picomaviruses are used in animal models 
resembling human chronic diseases. Cardiomyopathy, 
polymyositis, and diabetes mellitus are studied in mice 
infected with type В coxsackieviruses (45, 78, 88, 92). 
Cardioviruses are commonly used in mouse models 
resembling diabetes mellitus and multiple sclerosis in 
man (2, 17, 52). Understanding of the pathogenesis of 
chronic diseases will therefore also require the ongoing 
research on physiological, immunological and 
molecular aspects of Picornavirus infections. 
GENOMIC ORGANIZATION 
The picomaviral genome consists of a single 
stranded RNA molecule with positive polarity which is 
equivalent to cellular messenger RNA. The length of 
the RNA genome varies from 7209 nucleotides in 
human rhinovirus 14 to 8450 nucleotides in 
aphthoviruses (80). The genetic organization is 
depicted in Figure 1. At the 5' end of the RNA, a viral 
protein VPg is covalently attached. At the 3' end, a 
genetically encoded poly-A tail is present. The genome 
contains a single large open reading frame (ORF), 
preceded by an unusual large 5' untranslated region 
(UTR) ranging from 624 to 1199 nucleotides (80). 
Downstream the ORF a relatively short 3' UTR 
ranging from 47 to 126 nucleotides, is present. Two 
different functions have been assigned to the 5' UTR. 
The first 90 nucleotides at the 5' part forms a higher 
order RNA structural element involved in the 
intitiation of plus strand RNA synthesis (1). This 
element is followed by another RNA structural 
element which is involved in the initiation of viral 
RNA translation. In contrast with cellular mRNAs, 
translation of viral RNA is not initiated at the 5' end 
but regulated via a specific RNA structural element 
called the internal ribosome entry site (1RES) (9, 37, 
67). This 1RES element is positioned just upstream the 
initiating AUG startcodon. Mutations within the 1RES 
element are present in attenuated viruses used in living 
poliovirus vaccines (25). In foot-and-mouth disease 
virus (FMDV) and encephalomyocarditis virus 
(EMCV), the 5' RNA structure involved in RNA 
replication and the 1RES element are separated by a 
poly-C tract of several hundreds residues (80). 
Although the exact function of the poly-C tract is 
unknown, the length of the poly-C tract correlates with 
virulence. Shortening of the poly-C tract of EMCV 
diminishes the virulence of the virus. This feature has 
been used for the production of vaccin EMCV strains 
(22). Other Picornavirus RNAs do not contain a poly-C 
tract. 
Three different regions can be recognized within 
the ORF of the viral RNA. A PI region, which 
encodes the structural viral proteins IA (VP4), IB 
(VP2), 1С (VP3), and ID (VP1). These proteins will 
form the protein shell in which progeny RNA is 
encapsidated. The cardioviruses and aphthoviruses also 
encode a N-terminal, nonstructural leader protein (80). 
No leader protein encoding region is present in the 
other Picornavirus genera. The P2 and P3 regions 
encode the nonstructural proteins 2A, 2B, 2C, ЗА, 3B, 
3C, and 3D. The nonstructural proteins and their 
precursors 2BC, ЗАВ, 3CD, and 3ABC are involved in 
polyprotein processing and viral RNA replication. 
The 3' UTR consists of a higher order RNA 
structural element. Together with the poly-A tail, this 
structural element is necessary for the initiation of 
minus strand RNA synthesis (56, 58, 74). 
VIRUS REPLICATION 
The virus life cycle is summarized in Figure 2. 
Virus infection starts with the binding of the virus 
particle to specific receptors exposed at the outer 
surface of the cellular plasma membrane. Receptor 
binding causes a conformational change within the 
viral capsid structure which results in entry of the virus 
particle into the cell via endocytosis and finally to the 
release of the viral RNA into the cytoplasm (80). Free 
viral RNA is immediately translated into the viral 
polyprotein. Processing of this polyprotein occurs 
sequentially by one to three internally encoded 
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Figure 1. Schematic structure of the picomaviral genomic RNA Upon translation of the viral RNA, a single polyprotein is 
synthesized which is processed into the various functional viral products and their precursors The polyprotem encoding regions and 




The various Picornavirus genera differ with 
respect to the polyprotein cleavage patterns. In 
enteroviruses and rhinoviruses the first cleavage occurs 
between the capsid proteins region PI and 2A. This 
proteolysis is catalyzed in cis by the 2A protease 
(2\"°) (32). The nonstructural P2 and P3 proteins are 
subsequently released by in cis cleavages, catalyzed by 
the viral 3C protease (3Cpr°) (50). The capsid protein 
precursor PI is processed in trans by the proteolytic 
activity of 3CDP'° (7). The first cleavage event in 
aphthovirus polyprotein procesing is performed 
cotranslatonally by the N-terminal leader protease 
(L"·*) between its own C-terminus and PI (81). 
Primary cleavage of the cardiovirus polyprotein takes 
place at the 2A-2B junction. For efficient cleavage of 
the 2A-2B bond only the 19 C-terminal amino acid 
residues of the cardiovirus 2A protein are required 
(21). This stretch of 19 amino acids is homologous to 
the small aphthovirus 2A protein (21, 82). It is still 
under debate whether 2A-2B cleavage is actively 
cleaved by 2A or that the 2A-2B bond spontaneously 
brakes because of the unstable amino acid sequence, 
Asn-Pro-Gly-Pro (NPGP motif) (21, 30, 63). Further 
processing of the cardiovirus and aphthovirus 
polyproteins is catalyzed by 3C"° activity (62, 64). 
Processing of the hepatitis A virus polyprotein 
appeared to be performed exclusively by ЗС™ (80). 
Until now little is known about hepatovirus and 
parechovirus polyprotein processing (76, 84). 
RNA replication starts with the synthesis of a 
minus RNA strand complementary to the viral 
genomic RNA molecule. Higher order RNA structures 
in the 3' UTR of the plus strand will form the origin of 
minus strand RNA replication (56, 74). Initiation of 
RNA replication requires the binding of viral proteins 
ЗАВ, the VPg precursor, and 3D polymerase (3D1™1), in 
combination with host cell factors to the 3'UTR (27). 
RNA synthesis is primed by uridylylated VPg and is 
catalyzed by ЗЕТ1 (65, 85). The plus strand RNA 
template and the newly formed minus strand form a 
double stranded replicative intermediate (3). Plus 
strand RNA synthesis takes place in replication 
complexes formed by double stranded RNA replicatie 
intermediates, the viral proteins ЗАВ and 3CD, and 
one or more host cell proteins involved in viral RNA 
replication (6). The viral replication complexes are 
surrounded by a rosette of many virus induced 
membrane vesicles. These vesicles are derived from 
the rough endoplasmatic reticulum under influence of 
the activity of the viral proteins 2B, 2C and 2BC (6). 
The origin of plus strand RNA replication is 
formed 
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Figure 2. Overview of the picomaviral life cycle. Infection starts with binding of die virus to a specific receptor. The viral RNA 
is released into the cytoplasm and translated to a large polyprotein Processing of the polyprotein yields the structural capsid proteins, 
and the various nonstructural proteins. The genomic viral RNA is used as template for the production of a complementary minus 
strand, which is used for the synthesis of new plus strand RNA molecules. Newly formed genomic RNAs can be encapsidated to 
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Figure 3 Mechanism of eukaryotic translation initiation 
by specific structural elements in the terminal part of 
the 5' UTR of the plus strand (1) Similar to minus 
strand RNA synthesis, plus strand RNA synthesis is 
primed by the undylylated form of VPg and is 
catalyzed by 3DP°' (27, 85) Newly formed plus strand 
RNA molecules are released from the replication 
complexes and either encapsidated mto viral capsid 
proteins or used in a next cycle of translation and 
replication (80) Virus replication will finally induce 
cell lysis and subsequent release of progeny virus (87) 
EFFECTS OF PICORNAVIRUS INFECTIONS 
ON CELLULAR METABOLISM 
Durmg Picornavirus infection, cells undergo 
dramatic changes in macromolecular metabolism 
Shortly after infection, host cell protem synthesis is 
completely inhibited (23) The shut-off of host cell 
translation starts almost immediately after uncoating of 
the penetrating virus particles The time required for 
the complete inhibition of host cell protem synthesis 
varies with the host cell and Picornavirus strain (80) 
The decline in host protein synthesis correlates with 
the inhibition of nbosomal and messenger RNA 
synthesis and the inhibition of mRNA translation (18, 
23) Inhibition of RNA polymerase I, II, and III 
activities in infected cells has been associated with the 
action of the picomaviral proteinase 3C (13, 14, 79) 
Alterations m transcription factor complexes of all 
three RNA polymerases and the cleavage of histone 
H3 have been found after Picornavirus infection (26) 
Another important feature of Picornavirus infected 
cells is the rapid shin from cellular mRNA translation 
to the exclusive translation of viral RNA 
Desintegration of polysomes has been observed in 
pohovirus or ЬМС infected cells (16, 68) Cellular 
mRNA isolated from mfected cells is still capable to 
direct protein synthesis m cell free translation systems 
(43) Hence, inhibition of cellular mRNA translation 
durmg Picornavirus mfection is not caused by the 
degradation of cellular mRNA, but depends on the 
successful recruitment of the translational machinery 
for viral translation A few hours after infection, 
membranous vesicles derived from the rough 
endoplasmatic reticulum starts to spread outwards 
from the perinuclear region of the cell until the entire 
cytoplasm is mvolved (10) This phenomenon causes 
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the leakage of ER membrane and an increase of the 
permeability of the cell membrane (11, 87). The 
leakiness of membranes is associated with changes in 
cytoplasmic concentration of calcium, pottasium and 
sodium, which has a negative effect on cellular mRNA 
translation, whereas viral RNA translation is less 
affected (35, 41, 70). Efficient and successful 
Picornavirus replication depends on the accumulating 
effects of viral products on cellular metabolism. 
However, studies with Picornavirus mutants unable to 
shut-off host cell translation completely, showed that 
the interference of viral products with the translational 
apparatus may be crucial for efficient virus 
reproduction (61). Knowledge of the differences in 
translation initiation processes between cellular mRNA 
and viral RNA is necessary for understanding the 
mechanisms involved in virus induced shut-off of host 
cell translation. 
INITIATION OF CELLULAR TRANSLATION 
First step in translation of messenger RNA is the 
formation of the initiation complex in order to direct 
the mRNA, ribosomal subunits and the initiator 
methionine-tRNA, into a ribonucleoprotein complex 
(mRNP). This process requires ATP, GTP as energy 
source and more than 10 different eukaryotic initiation 
factors (elFs) (reviewed in reference 57). The 
formation of the initiation complex is schematically 
depicted in Figure 3. Initiation of translation starts with 
the binding of elFIA and eIF3 to the small 40S 
ribosomal subunit and eIF6 to the large 60S ribosomal 
subunit, in order to prevent the association of the two 
ribosomal subunits. The second step in initiation of 
cellular translation is the formation of a ternary 
complex formed by Met-tRNA„ eIF2, and GTP. This 
ternary complex binds to the 40S ribosomal subunit. 
This results in the formation of the 43 S preinitiation 
complex. An important feature of most mRNA 
molecules is the presence of 5' m'G cap structure. This 
cap-structure is recognized by the cap-binding 
complex elF4F. The eIF4F complex consists of four 
different inititiation factors namely еГГ4Е, the cap-
recognition protein, eIF4A, eIF4B, an ATP-dependent 
RNA helicase. and eIF4G which is necessary to 
scaffolding the entire complex. At this stage the 
interaction between eIF4G and eIF3 induces the 
binding of the 43S preinitiation complex to the 5' end 
of the mRNA. The 43S preinitiation complex scans 
along the mRNA molecule into the 5'-3' direction until 
the 5' proximal startcodon is reached (47). At this point 
initiation factor eIF5 binds to the complex and induce 
the release of eIF2-GDP and further dissociation of 
other initiation factors. This process precludes the 
association between the 43 S complex and the 60S 
ribosomal subunit to the 80S initiation complex which 
is capable to direct protein synthesis. The released 
binary complex of eIF2-GDP will be recycled to eIF2-
GTP by the factor eIF2B or the guanine nucleotide 
exchange factor (GEF). The recycled eIF2-GTP can be 
used in a next round of initiation of translation. 
REGULATION OF INITIATION OF CELLULAR 
TRANSLATION 
Control of protein synthesis is essential for the 
survival of the cell. Regulation of protein synthesis can 
be performed at several different levels, but the vast 
majority of regulation mechanisms is found at the level 
of translation initiation (53). A number of trans-acting 
cellular proteins are known which specifically suppress 
or provoke translation initiation. However, efficient 
translational control is more dependent on one or more 
cis-acting elements throughout the mRNA molecule 
(53). The presence of the 5' cap-structure or a 5' 
terminal oligopyrimidine tract (5TÒP), the presence of 
short upstream open reading frame in the 5' UTR. and 
the sequence context around the functional startcodon 
are primary regulators for translation initiation. A 
number of secondary structural elements within the 5' 
and 3' UTR, and the 3' poly-A tail are known as more 
specific control elements involved in mRNA stability, 
mRNA localization in the cytoplasm, etc (53, 75). 
The translation initiation process is further 
regulated by the phosphorylation state of several 
initiation factors. Firstly, eIF2 phosporylation disables 
the release of eIF2B from the eIF2-GTP binary 
complex after the recycling of eIF2-GDP (Fig. 3) (15). 
As a consequence of phosphorylation, eIF2 will be 
sequestered in a eIF2/2B complex and initiation of 
translation will be suppressed. Secondly, 
phosphorylation and dephosphorylation of initiation 
factors involved in cap-recognition and ribosome 
binding are involved in regulation of translation in 
respons to extracellular signals (66). Finally, the 
phosphorylation state of ribosomal protein S6, 
influences the rate of translation of mRNAs with a 
5TOP structure (38, 39). In the context of the 
regulation of translation in Picornavirus infected cells, 
especially the latter two mechanisms need to be 
described in more detail. 
The cap-binding complex, eIF4F consists of 3 
subunits, eIF4A, 4E and 4G (Fig. 3). The eIF4G 
component, formerly known as eIF4y, or p220, is 
thought to scaffold the entire initiation complex (57). 
Binding sites for eIF4A and eIF4E have been 
identified on eIF4G. In this complex eIF4A is an 
RNA-dependent ATPase, and binds to the C-terminal 
part of eIF4G. eIF4A combined with eIF4B. possesses 
RNA helicase activity. The binding site for eIF4E is 
found in the N-terminal part of eIF4G (57). However, 
binding of eIF4E to eIF4G fully depends on the 
phosphorylation state of eIF4E. Phosphorylation of 
eIF4E can be blocked by two, low molecular weight 
factors, the 4E-binding proteins (4E-BP1 and 4E-BP2), 
and thereby preventing the binding of eIF4E to eIF4G 
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(5) As a response on various stimuli, 4E-BP1 and 4E-
BP2 will by phosphorylated and will thereby decrease 
the affinity of eIF4E for 4E-BP1/2 Consequently, 
eIF4E will be phosphorylated, most probably by 
protein kinase С (5, 66, 89) Hence, upon 
phosphorylation, eIF4E become accessable for the 
eIF4G binding site in order to complete the cap-
binding complex eD?4F and initiate ribosome binding 
at the 5'-end ofmRNA 
PICORNAVIRAL TRANSLATION INITIATION 
The facts that the long 5'UTR of picornaviral 
RNAs lack a 5'cap structure and contain several 
upstream unused AUG codons, led to the discover} of 
the ribosome landing pad (RLP) or internal ribosome 
entry site (1RES) (37, 67) Picornavirus 1RES 
structures are about 450 nucleotides long and are 
highly folded Internal initiation of translation was 
proven by translation experiments with dicistronic 
mRNAs (37) and circular RNA molecules (12) 
Analysis of the secondary and tertiary structures of 
viral 5'UTRs revealed that two types of 1RES elements 
can be identified within the Picornavirus family (Fig 
5) Type I 1RES is found m the enterovirus and 
rhinovirus genera, whereas type II 1RES elements are 
found in cardioviruscs and aphthoviruses (8, 36) The 
1RES elements of hepatoviruses seems to be related to 
type II 1RES elements (9) 
Analysis of 5' UTR mutants and revertants 
indicated that m most segments of the 1RES, not the 
primary nucleotide sequence but secondary and higher 
order RNA structures play a significant role To define 
the borders of the 1RES element, 5' UTR substitution 
and deletion mutants of poliovirus were tested m 
translation experiments (67, 72) It was found that the 
regions which control RNA replication and translation 
initiation are dissected (1) and the region mvolved in 
internal initiation of enterovirus RNA translation is 
found between nucleotides 130 and 600 Type II 1RES 
elements differs from type I with respect to their 3' 
borders Type 11RES elements are separated from the 
initiating AUG by an, approximately 150 nucleotides 
spacer (80) It is thought that the nbosomal 43 S 
preinitiation complex will scan to the functional 
startcodon (47) Ribosome entry on type Π 1RES 
elements occurs directly at the position of the initiating 
AUG codon Some reports suggested that type II 1RES 
is even extended mto the coding region of the viral 
RNA (41, 42) 
Despite (he differences in primary and higher 
order RNA structures between type I and type II IRES 
elements, a number of short conserved sequences are 
recognized in the 1RES elements of all picomaviruses 
(36) This might indicate a common mechanism in 
Picornavirus 1RES function One of the most 
conserved part m all Picornavirus and other positive 
strand RNA virus 1RES elements is a pyrimidine rich 
segment nearby the 3' boundary of the 1RES (51, 72, 
73) This segment is thought to interact with the 43S 
nbosomal subunit (73, 83) 
1RES dependent translation initiation needs nearly 
all canonical cellular initiation factors, mcludmg 
components of the cap-bmdmg complex eIF4r 
Efficient 1RES mediated translation initiation also 
requires a number of noncanonical host cell factors 
Type I 1RES mediated initiation of translation is 
dependent on the presence of the 52 kDa La-
autoantigen (55) This La 
Figure 4. Schematic presentation of the small 40S 
nbosomal subunit, seen on the interface between the small and 
large nbosomal subumts (A) The position of the nbosomal 
proteins, the locations of A- and P-sites, and the position of 
mRNA docking are indicated by the shaded areas (B) 
Localisation of initiation factors e!F2 and eIF3 on the 40S 
nbosomal subunit (Adapted from reference 59) 
Apart from the eIF4E phosphorylation, upon 
treatment of cells with growth-stimuli another 
component of the translational apparatus is activated 
A downstream component of several signal 
transduction pathways is the 70 kDa nbosomal protein 
S6 kinase, plQ*v (38, 89) Once activated by 
phosphorylation, this enzyme will phosphor} late the 
nbosomal protein S6 and thereby mcrease the rate of 
translation initiation S6 is part of the small 40S 
nbosomal subunit and is located at the mRNA bmdmg 
site and interacts directly with the large 60S nbosomal 
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Figure 5. Schematic representation of types I (A) and II (B) 1RES elements. The polypyrimidine region is indicated. The small 
ribosomal subunit will enter the 1RES nearby the AUG just downstream the polypyrimidine tract. In poliovirus type 11RES element, 
translation is initiated at an AUG startcodon approximately 140 nucleotides downstream the 1RES. In type II 1RES elements, the 
AUG just downstream the polypyrimidine region also functions as initiation point for translation. 
protein, which is involved in cellular transcription, 
binds to a region within the 1RES which includes the 
polypyrimidine tract (55). Initiation of translation of 
both type I and type Π 1RES structures requires 
another cellular 57 kDa protein, which was identified 
as the polypyrimidine tract binding protein (PTB) (33). 
VIRUS INDUCED INHIBITION OF CAP-
DEPENDENT INITIATION OF TRANSLATION 
Infection with enteroviruses, rhinoviruses, and 
aphthoviruses results in a rapid modification of 
initiation factor eIF4G. Soon after infection, this 
protein is cleaved by a virally encoded protease (Fig. 
6) (24). The protein, responsible for eIF4Q cleavage in 
poliovirus infected cells was identified as the viral 2A 
protease (2ΑΡ'°) (48). The 2A proteins of rhinovirus 2 
and coxsackievirus B4 were shown to have a similar 
activity (44, 49). The Picornavirus 2A proteases are 
cysteine proteases, related to the family of small 
trypsin-like proteases in which the serine residue in the 
active site of the enzyme is replaced by a cystein (4, 
93). Cleavage of eIF4G in aphthovirus infected 
appeared to be caused by the viral leader protease 
(D"°) (20). The aphthovirus Lpro is structurally not 
related to the 2A proteases, but belongs to the family 
of papain-like trypsin proteases (29). In contrast to 
2Apro, which cleaves eIF4G between residues Arg,,6 
and Gly<87, aphthovirus V°° cleaves eIF4G between 
Gly<7, and Аг&,80 (44). Cleavage of eIF4G appeared to 
be dependent on the interaction with the еГРЗ complex 
(90). This intitiation factor is found in the 40S 
ribosomal subunit and can interact with eIF4G (Fig. 4) 
(59). Cleavage of eIF4G prevents the formation of the 
cap-binding complex by dissection of the eIF4E and 
eIF4A binding sites on eIF4G (Fig. 3). Consequently, 
5'-cap dependent initiation of translation will be 
prevented, whereas type-I 1RES dependent internal 
initiation is even enhanced by the cleavage products of 
eIF4G (8, 31,60,71,91). 
Infection of cells with members of the cardiovirus 
group also results in a rapid shut-off of host cell 
protein synthesis (40). However, modification of 
15 
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translation initiation factors are not observed until 
now Cardioviruses produce both a leader and a 2A 
protein However, these proteins show no similarities 
with the leader and 2A proteins of the other 
Picornavirus genera No proteolytic activity has ever 
been demonstrated for cardiovirus leader nor 2A 
proteins However, recently, Gingras et ai 
demonstrated that upon infection with pohovirus or 
FMCV, the eIF4E binding protein 4E-BP1 becomes 
dephosphorylated Dephosphorylation of 4E-BP1 
prevents eLME binding to eIF4G and thereby disables 
5-cap initiation of translation However, the kinetic of 
4F-BP1 dephosphosrylation differs with the virus type 
(28) Dephosphorylation of 4E-BP1 occurs very 
rapidl> in pohovirus infected cells and runs in parallel 
with the cleavage of eIT4G by 2AP"' (28) 
Dephosphorylation of 4E-BP1 in cardiovirus infected 
cells occurs more gradually and takes more time than 
m pohovirus infected cells It is still unknown, whether 
4E-BP1 dephosphorylation causes the inhibition of 5'-
cap dependent initiation of translation in cardiovirus 
infected cells or that this phenomemon is a reflection 
of inhibition of host cell protein synthesis in 
cardiovirus infected cells in general 
Figure 6 bffect of the proteolysis of eukaryotic translation 
initiation factor eIF4G by the picomaviral leader and 2A 
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proteases The aphthovirus leader protease cleaves between 
Gly(479) and Arg(480) whereas the enterovirus 2A protease 
cleaves between Arg(486) and Gly(487) Cleavage of erF4G 
results in the dissection of the eIF4E and erF4A binding sites 
Consequently 5 cap-dependent initiation of translation will be 
inhibited 
Previous studies to the effects of FMCV infections 
on cellular translation in L929 cells demonstrated that 
a viral induced inhibitor was present m the nbosomal 
fraction of infected cells (69) In vitro translation 
experiments in lysate of EMCV infected cells revealed 
that 5' dependent initiation of translation was inhibited 
but could be rescued by the addition of ribosomes from 
uninfected cells (69) These results might implicate a 
virus mduced factor actively involved in the inhibition 
host cell translation, similar to that observed in the 
other Picornavirus genera 
AIM AND OUTLINE OF THIS THESIS 
animal models resembling human diseases In order to 
gam more insight in the pathogenesis, it is necessary to 
study the biochemical and cellular biological aspects of 
picomaviruses and Picornavirus infected cells 
Knowledge of the differences in translation control and 
viral replication between the picomaviruses is 
necessary for understanding the mechanisms mvolved 
in the virus mediated shiñ m cellular metabolism In 
this thesis experiments are described to study the 
functional roles of the cardiovirus leader and 2A 
proteins m virus replication and translational control in 
infected cells 
Great similarities have been found in viral 
replication and effects on host cell metabolism 
between different picomaviruses Apart from the 1RES 
dependent translation initiation, control of translation 
in enterovirus, rhinovirus, and aphthovirus infected 
cells depends on active inhibition of cellular protein 
synthesis directed by viral proteases A previous study 
indicated that one or more viral proteins are involved 
in the inhibition of cellular translation m cardiovirus 
infected cells as well (69) Another report described 
the copurification of EMCV protein 2A in the 
nbosomal fraction of mfected cells (54) However, a 
function of the leader and 2A proteins in cardiovirus 
replication could never been assigned To address 
possible functions of cardiovirus leader and 2A 
proteins m viral translation and replication, mutational 
analysis was performed in a full-length cDNA clone of 
mengovirus The effects on virus growth and cellular 
protein synthesis are examined in leader protein 
mutants of mengovirus (chapter 2) The possible roles 
and virus type specificity of mengovirus protein 2A in 
viral RNA synthesis, and viral and host cell translation 
is studied with a senes of protein 2A mutants, and 
chimeric constructs m which mengovirus protein 2A is 
replaced by Theiler's virus protein 2A or 
coxsackievirus B3 2A protease (chapter 3) To 
examine the effects of an eIF4G specific protease m 
cardiovirus infected cells, chimeras are constructed in 
which mengovirus leader protein is replaced by either 
the foot-and-mouth disease virus Lp"\ or 
coxsackievirus B3 2A·*0 (chapter 4) In vitro 
translation studies on dicistronic mRNA m the 
presence of recombinant mengovirus leader protein is 
performed to mvestigate the interactions of the leader 
protein with translation initiation processes This study 
was elaborated by both in vivo and m vitro analysis of 
interactions between the leader protein and cellular 
components involved in the initiation of translation 
(chapter 5) Finally, the expenmental data described 
in this thesis are summanzed and discussed (chapter 
6) 
Picornavirus infections have a great social and 
medical impact These viruses are associated with a 
number of chronic diseases like poliomyelitis, 
cardiomyopathy and diabetes mellitus Apart from that 
human as well as animal picomaviruses are used in 
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Department of Medical Microbiology, University of Nijmegen, The Netherlands 
The presence of a leader peptide In picornaviruses is restricted to the Cardiovirus and 
Aphtovirus genera. However, the leader peptides of these two genera are structurally and 
functionally unrelated. The aphtovirus leader is a protease involved in viral polyprotein 
processing and host cell translation shutoff. The function of the cardiovirus leader peptide is still 
unknown. To gain an insight into the function of the cardiovirus leader peptide, a mengovirus 
leader peptide deletion mutant was constructed. The deletion mutant was able to grow at a 
reduced rate In baby hamster kidney cells (BHK-21). Mutant virus production in mouse 
fibroblasts (L929 cells), however, could be demonstrated only after inoculation of BHK-21 cells 
with the transfected L929 cells. Analysis of cellular and viral protein synthesis in mutant virus-
infected cells showed a delayed inhibition of host cell protein synthesis and a reduced production 
of viral proteins. In a single-cycle infection, mutant virus produced only 1% of wild-type virus 
yield at 8 h postinfection. Host cell translation shutoff in L929 cells Infected with mutant virus 
was restored by the addition of the kinase inhibitor 2-aminopurine. Mutant virus production in 
2-aminopurine treated L929 cells was increased to 60% of wild type virus yield at 8 h 
postinfection. Our results suggest that the cardiovirus leader peptide is involved in the inhibition 
of host cell protein synthesis. 
The Picornavirus family can be subdivided into 
five different genera, the enteroviruses, rhinoviruses, 
cardioviruses. aphtoviruses, and hepatoviruses. They 
all possess a single-stranded RNA genome of 
approximately 7.5 kb with positive polarity which 
contains an unusual long 5' nontranslated region (5' 
NTR), a 3' NTR at their 3' end, and a genetically 
encoded poly(A) tract. The RNA genome is 
functionally equivalent to cellular mRNA and encodes 
a single polyprotein of approximately 220 kDa, which 
is subsequently processed by virus encoded proteases 
into the structural and nonstructural viral proteins (12). 
The polyprotein comprises the PI region containing 
the structural proteins that form the viral capsid and the 
P2 and P3 regions that deliver the nonstructural 
proteins involved in virus translation and replication. 
Poliovirus is the best studied of the picornaviruses, but 
the specific protein functions seem to be similar in all 
genera within this family with the notable exception of 
the 2A proteins and the leader peptides. The 
enteroviruses and rhinoviruses contain a 2A protein of 
16 kDa which possesses proteolytic activity (8). In 
contrast, the aphtovirus 2A peptide consists of 19 
amino acid residues that are involved in the 
nonenzymatic cleavage of the virus polyprotein at the 
2A-2B junction (13). Aphtoviruses contain a leader 
peptide located upstream of the PI region, while the 
enteroviruses and rhinoviruses lack the leader peptide. 
Cardioviruses, on the other hand, contain both leader 
and 2A proteins. 
The 2A protease (2\'m) of the enteroviruses and 
rhinoviruses and the leader protease ÇU") of 
aphtoviruses exhibit similar activities. 2A1" cleaves at 
its N terminus at the VP1-2A junction while W° 
cleaves at its С terminus at the L-VP4 junction. The 
enterovirus and rhinovirus 2AP"' is a zinc-binding 
protein which also causes the proteolytic degradation 
of the 220 kDa subunit of the eukaryotic translation 
initiation factor 4 (eIF-4G) (8, 17). The leader protease 
(I/™) of aphtoviruses exhibits similar activity (5). As a 
consequence of eIF-4G degradation, translational 
initiation of cellular, S'-capped mRNAs will be 
inhibited whereas initiation of viral translation is 
mediated by an internal ribosome entry site within the 
5' NTR, independent of a 5'-cap structure (2). 2AP"' and 
U"° are also probably involved in the interaction 
between one or several cellular factors and the 5' NTR 
of the viral RNA to enhance viral translation initiation 
(3, 22). In contrast to the other picornaviruses, no 
degradation of eIF-4G occurs during cardiovirus 
infection. Recently, Chen et al. demonstrated that, like 
enterovirus and rhinovirus 2AP"\ the Theiler's 
encephalomyelitis virus (TMEV) L peptide contains a 
zinc-binding motif (1, 17), the presence of which might 
indicate that the L peptide possesses nucleic acid 
binding properties. However, the biological function of 
the cardiovirus leader is still unknown. Kong et al. 
recently constructed a series of TMEV DA strain 
deletion mutants lacking parts of the leader peptide-
encoding region and showed that, whereas the leader 
peptide is dispensable for TMEV growth in baby 
hamster kidney (BHK-21) cells, growth in mouse 
fibroblasts (L929 cells) was dependent on a functional 
L peptide, suggesting that host cell restriction of virus 
growth was due to the production of interferon by 
L929 cells (6). 
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Figure 1. Single-cycle growth curves in BHK-21 cells of 
vM16 1 (D) and vM16 1ДЦ12-52) ( · ) and in L929 cells of 
vM16 1 (+) and vM16 1AL( 12-52) (•) Cells were infected with 
virus at an MOI of 1 Cultures were incubated at 36°C and 
harvested at 4. 6. and 8 h postinfection Virus titers were 
determined by titration on BHK-21 cells at 36°C 
In this paper, we describe a deletion mutant of 
mengovirus, which lacks leader peptide activity 
Cellular and viral protein synthesis were studied in 
both BHK-21 and L929 cells in the presence or 
absence of Fibroblast interferon and the kinase inhibitor 
2-aminopurme (18, 23) We found that deletion of the 
leader peptide resulted in host cell restricted virus 
growth Host cell protein synthesis shutoff was delayed 
in cells infected with mutant virus The presence of 
2-aminopunne in mutant virus-infected L929 cells 
resulted in restored shutoff of host cell protein 
synthesis whereas production of mutant virus was 
increased The results reported here suggest that the 
cardiovirus leader protein is involved in the inhibition 
of host cell protein synthesis 
MATERIALS AND METHODS 
Cells and viruses. BHK-21 cells and L929 cells were used 
for RNA transfections. virus propagation, and plaque assays 
Production of virus stocks and virus titrations were performed in 
BHK-21 cells Virus tilers were determined with eight replicates 
by titrating decimal dilutions in 96-well rmcrouter plates (16) 
Fifty percent tissue culture infective doses (ТСШЖ) were 
calculated according to the method of Reed and Muench (11) 
Construction of the L deletion mutant The infectious 
mengovirus cDNA clone pM16 1 (2) was kindly provided by A. 
Palmenberg (University of Wisconsin) Site-directed 
mutagenesis was performed with the Altered Sites m vitro 
mutagenesis system according to the instructions of the 
manufacturer (Promega) To achieve mutagenesis, the 
irnRV-Vmel fragment (nucleotides 45 to 3847) from pM16 1 
was first cloned into the \ma\ site of pALTER-1. which resulted 
in the clone pALTER-ML Then unique Xho\ cleavage siles 
were introduced into the L-encodmg region at positions 749 and 
870 with the mutagenesis oligonucleotides 5-GCA TTC TTC 
AAA GGT CAT GGC TCG AGC АСА AAT CTC TTG TTC-3 
and 5-CAA АТС AGG АТС GAA CAC TCG AGC TTC ACC 
АТС AGT CAA CGA-3 (Isogen. Amsterdam. The 
Netherlands) 
The BM-Bgin fragment (nucleotides 296 to 3814) of the 
original pM16 1 cDNA clone was replaced by the Blnl-Bglil 
fragment of the mutated pALTER-MI constructs The deletion 
mutant was created by Xhol digestion and subsequent self 
ligation The construct was verified by sequence analysis using 
the Ampli Cycle sequencing kit according to the manufacturers 
instructions (Perkin Elmer) The mutant mengovirus cDNA 
clone pM16 1ДЦ12-52), which lacks the region which encodes 
amino acids 12 to 52 of the leader peptide, was obtained with 
this procedure 
In vitro transcription and trinsfectioo. BHK-21 and L929 
cells were transfected with 2 to 4 pg of in vitro transenbed RNA 
by the DEAE-dextnm method (19) with some modifications 
Briefly, copy RNA m a volume of 20 μΐ was mixed with 150 μΐ 
of HEPES (N-2-hydroxy-ethylpiperazme-N'-2-ethanesulfonic 
acidbbuffered saline solution (containing 20 mM HEPES [pH 
7 05]. 137 mM NaCI, 5 mM KCl. 0 7 mM NaHjPO«. and 5 5 
mM glucose) and 150 μΙ of l-mg/ml DEAE-dextran in HEPES-
buffered saline solution and incubated on ice for 30 mm BHK-
21 or L929 cells grown m 25-cm1 flasks were washed three 
times with phosphate-buffered saline (PBS) (pH 7 4) and 
incubated with the RNA-DEAE-dextran mixture at room 
temperature for 30 nun Monolayers were washed three times 
with PBS and subsequently incubated at 36°C in the appropriate 
cell culture medium Transfected cells were maintained for up to 
5 days or until complete cytopathic effect due to virus growth 
was observed and subjected lo three cycles of freezing and 
thawing Lysates of cells transfected with mutant RNA were 
used to inoculate fresh cells when described Aliquots of vims 
stocks were stored at -80°C 
Plaque assay. Plaque assays of both wild-type and deletion 
mutant virus were performed with 100% confluent monolayers 
of BHK-21 and L929 cells on 10-cm2 dishes Cells were 
infected with various virus dilutions and incubated at room 
temperature for 30 nun After removal of the inoculum, L929 
cells were overlaid with 5 ml of medium containing 1% plaque 
agarose (Servo) and neutral red and grown for 3 to 5 days 
Because of the irregular structure of BHK-21 monolayers a 
modified procedure for the plaque assay on these cells was used 
Bnefly, BHK-21 cells were overlaid with 5 ml of medium 
containing 1% methylcellulose To visualize the plaques 
generated on BHK-21 cells, the methylcellulose overlay was 
removed 3 days after infection and the cells were washed three 
times with PBS The cells were fixed with 100% methanol and 
stained by Giemsa. The plaque assays were performed at 33.36, 
and39°C 
Single cycle growth corves. Monolayers (25 cm1) of BHK-
21 and L929 cells were inoculated with vM16 1 and 
vM16 1ДЦ12-52) at a multiplicity of infection (MOI) of 1 
TCtDw per cell Virus suspensions were replaced by fresh 
culture medium after 30 mm of absorption at 36°C At specific 
tunes postinfection as indicated m the text, cells were disrupted 
by three cycles of freezing and thawing Virus titers were 
determined by titration of the supematants on BHK-21 cells 
Analysis of protein synthesis In vivo. Monolayers of 
BHK-21 and L929 cells were inoculated with vM16 1 and 
vM16 1ДЦ12-52) at an MOI of 50 ТСЮ» per cell Virus 
suspensions were replaced by fresh medium after 30 nun of 
absorption at 36°C At various times postinfection, monolayers 
were washed three times with PBS (pH 7 2) Cells were 
mcubated for I h with methionine-free medium containing 10 
μΟ of [J5S]Met per ml (ICN). Cellular extracts were prepared 
by lysis with a buffer containing 0 5 M Tns-HCI (pH 8 0) 0 15 
M sodium chloride. 1% Nomdet P-40. 0 05% sodium dodecyl 
sulfate (SDS). and 0 1 mM phenylmethylsulfonyl fluoride 
Protein synthesis was further analyzed by SDS-polyacrylarnide 
gel electrophoresis and autoradiography 
Treatment of L929 cells with interferon and 2-
aminopunne. Monolayers of L929 cells were treated 2 h 
preinfection with 100 U of mouse fibroblast interferon per ml 
Chapter 2 
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(Sigma). 2-Aminopurine (Sigma) was dissolved to a final 
concentration of 150 mM in PBS containing 0.5° о acetic acid. 
Aliquots of this stock solution were stored at -80°C. Cells were 
treated with 2-aminopurine at a concentration of 10 mM 2 h 
preinfection. 
МІб.1 vMló.lAL 
Figure 2. Plaque phenotype of МІб.1 and М16.1ДЦ12-
52). Assays were performed in BHK-21 and L929 cells. 
R E S U L T S 
Construction of the leader peptide deletion 
mutant. At first instance, v\e deleted the complete L 
peptide-encoding region from the infectious cDNA 
clone of mengovirus рМІб.1 (2). However, in vitro 
translation of the mutant copy RNA revealed that viral 
protein synthesis was markedly reduced (data not 
shown). It has indeed been reported that translation 
initiation efficiency of encephalomyocarditis virus 
depends on the nucleotide sequence just downstream 
from the start codon (4). Therefore, to avoid problems 
in translation initiation not related to L activity, unique 
Xho\ sites were introduced at positions 749 and 870 on 
рМІб.1. Digestion with Xho\ and subsequent self 
ligation of the mutated cDNA resulted in the construct 
рМ16.1ДЦ12-52), in which amino acids 12 to 52 of 
the L peptide were deleted. 
Characterization of the leader peptide deletion 
mutant. In vitro transcribed RNA of both рМІб.1 
wild-type and mutated cDNA was used for transfection 
of BHK-21 cells and L929 cells. Transfection of both 
these cell lines with wild-type copy RNA resulted in 
complete cell lysis within 24 h. Transfection of BHK-
21 cells with рМ16.1ДЦ12-52) copy RNA resulted in 
a cytopathic effect within 3 days. No cytopathic effect 
was observed after transfection of L929 cells with 
рМ16.1ДЦ12-52) copy RNA. Inoculation of BHK-21 
with the lysate of transfected L929 cells, however, 
resulted in a cytopathic effect within 3 days. 
Subsequent virus characterizations were performed 
with mutant virus М16.1ДЦ12-52) stocks produced 
in BHK-21 cells. Titration of mutant virus with L929 
cells revealed that a cytopathic effect could be 
observed only after infection at an MOI of at least 10. 
On the other hand, infection of BHK-21 cells with 
mutant virus at an MOI of 10"4 resulted in complete 
cytopathic effect within 3 days. 
Viral growth kinetics were measured by single 
cycle growth curves (Fig. 1). Mutant virus yields in 
both cell types at 8 h after infection were 
approximately 1% of those of the wild-type virus. 
Plaque assays were performed in BHK-21 cells and 
L929 cells. Plaques of 2 to 3 mm were obtained with 
wild-type virus in L929 cells at 5 days postinfection. 
However, no plaques were observed when 
М16.1ДЦ12-52) was inoculated on L929 cells (Fig. 
2). Because of the irregular structure of the cellular 
monolayer, BHK-21 cells cannot be maintained for 
more than 3 days after infection. Therefore, inoculation 
of BHK-21 monolayers with vMló.l resulted in I- to 
1.5-mm plaques. Small plaques of 0.2 to 0.4 mm were 
obtained with М16.1ДЦ12-52) inoculated on 
BHK-21 cells (Fig. 2). 
Analysis of viral protein synthesis /';/ vivo. Viral 
protein synthesis was studied by pulse labeling of 
infected BHK-21 and L929 cells with [35S]methionine. 
Infection of BFTK-21 cells with wild-type virus 
resulted in a decrease of host protein synthesis until 5 h 
after infection, after which viral protein synthesis 
increased and continued until at least 8 h after infection 
(Fig. ЗА). Infection of L929 cells with wild-type virus 
resulted in complete inhibition of host cell protein 
synthesis within 5 h after infection (Fig. 3B). Viral 
protein synthesis continued until 7 to 8 h after 
infection. However, when BHK-21 and L929 cells 
were infected with М16.1ДЦ12-52), host cell protein 
synthesis still continued in both cell types until at least 
7 to 8 h after infection, whereas only minor amounts of 
viral products were produced (Fig. 3). 
Influence of fibroblast interferon on virus 
growth. Kong et al. suggested that the restricted 
mutant virus growth in L929 cells is caused b\ the 
interferon production by infected L929 cells (6). In 
order to determine further the effect of interferon on 
virus growth, L929 cells were treated with mouse 
fibroblast interferon prior to infection. Figure 4 
illustrates that infection with wild type virus of L929 
cells treated with interferon resulted in a decreased 
virus titer which is similar to that obtained with mutant 
virus infection of untreated L929 cells. When 
pretreated L929 cells were infected with mutant virus, 
virus yields were not further affected. 
Influence of 2-aminopurine on mutant virus 
growth. In order to prevent the antiviral action of 
interferon produced by infected L929 cells, virus 
growth was measured in 1.929 cells pretreated with the 
kinase inhibitor 2-aminopurine. The kinase inhibitor 
interferes with the interferon induced signal 
transduction pathway. Infection with М16.1ДЦ12-
52) of L929 cells treated with 2-aminopurine resulted 
in mutant virus production of 60% of wild type virus 
yield (Fig. 4). Protein synthesis of infected 1.929 cells 
after treatment with 2-aminopurine was determined by 
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Figure i. Protein synthesis in МІб.1- and vM16.1AL(12-52)-infected BHK-21 (A) and L929 (B) cells. Cells were infected at 
an MOI of 50 and grown at 36°C. At the times (in hours) indicated above the lanes, culture medium was replaced by methionine-free 
and serum-free medium supplemented with [3,S]methionine as described in Materials and Methods. Labeled proteins were analyzed 
by SDS-polyacrylamide gel electrophoresis. 
Infection with М16.1ДЦ12-52) of L929 cells treated 
with 2-amino-purine resulted ¡n a complete shutoff of 
host cell protein synthesis at 7 h after infection, while 
viral protein synthesis was clearly visible. 
DISCUSSION 
In order to gain an insight into the function of the 
cardiovirus L peptide, we characterized a mutant in 
which the major part of the L-encoding region of 
mengovirus was deleted. Production of L deletion 
cardiovirus mutant was dependent on the host cells 
used for infection. Virus growth in BHK-21 cells 
infected with mutant virus was reduced but finally 
resulted in complete cell lysis. Production of mutant 
virus in L929 cells appeared to be hampered. Kong et 
al. recently described a similar host cell restricted 
necessity for the leader peptide in TMEV (6). Any 
deletion within the TMEV L-encoding region 
abolished virus growth in L929 cells, while wild-type 
growth characteristics were found in BHK-21 cells (6). 
It is unclear what causes this contradiction between the 
TMEV L deletion mutants and our mengovirus L 
deletion mutant in growth characteristics in BHK-21 
cells. Kong et al. suggested that the observed host cell 
restricted growth characteristics of the TMEV mutants 
were caused by the production of interferon in infected 
1.929 cells (6). Indeed, analysis of L929 cells treated 
with interferon and infected with wild-type 
mengovirus shows that virus production was 
abrogated. We found that wild-type virus production in 
interferon treated cells was comparable with mutant 
virus production in untreated cells. The influence of 
interferon on cardiovirus infections in L929 cells has 
been described previously by Muñoz and Carrasco (9), 
who showed that L929 cells additionally treated with 
fibroblast interferon could survive wild-type 
mengovirus infection. Our results with L929 cells 
infected with the wild-type virus in the presence of 
interferon are consistent with those reported by Muñoz 
and Carrasco (9). 
L929 cells infected with the L deletion mutant 
displayed a delay of host cell protein synthesis shutoff. 
Total protein synthesis decreases from 5 h 
postinfection, although host cell protein expression 
continues for at least 8 h postinfection. This is 
consistent with the finding that, although virus 
production is abrogated, the host cell protein synthesis 
continues in infected cells pretreated with interferon 
(9). Because host cell protein synthesis is not 
completely shut off after infection with the L deletion 
mutant, L929 cells will still produce interferon. A 
minority of cells will be infected after infection at a 
low MOI, and the interferon produced by the cells 
infected with mutant virus may therefore protect the 
adjacent uninfected cells in the monolayer. It was 
indeed observed in L929 cells after infection with 
mutant virus at an MOI of less than 1 TCID№ per cell. 
In parts of the monolayer, lysed cells were visible 24 h 
after infection with the L deletion mutant. These 
regions were, however, overgrown by L929 cells, and 
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Figure 4. Effect of fibroblast interferon and 2-aminopurine 
on МІб.1 and М16.1ДЦ12-52) production. L929 cells were 
treated with either 100 U of mouse fibroblast interferon per ml 
or 10 mM 2-aminopurine at 2 h preinfection. Untreated and 
treated cells were infected at an MOI of 1 and grown at 36°C. 
Cells were harvested at 8 h postinfection. Virus titers were 
determined by titration on BHK-21 cells. Virus production is 
expressed as the percentage of МІб.1 production in untreated 
cells. 
the cellular monolayer was completely restored 3 days 
postinfection. This phenomenon confirmed the 
observation by Kong et al. (6) that TMEV L deletion 
mutant infected L929 cells resulted in a cytopathic 
effect for a limited number of cells. However, the 
cellular monolayer was restored completely within a 
few days (6). 
The interaction between interferon and cells results 
in an intracellular signal transduction which is 
regulated by a cascade of phosphorylation and 
dephosphorylation reactions and will finally result in 
the transcription of specific genes (14). The process of 
signal transduction and subsequent transcription 
triggered by interferon can be influenced by kinase 
inhibitors. The kinase inhibitor 2-aminopurine has 
been described as a selective inhibitor of gene 
expression induced by interferons and double-stranded 
RNA (18). However, it was also suggested that 
2-aminopurine may interfere more generally with host 
cell transcription or translation (23). Hence, 
2-aminopurine may be able to complement the mutant 
virus with respect to the inhibition of host cell protein 
synthesis. Treatment of L929 cells with 2-aminopurine 
and subsequent infection with the mengovirus L 
deletion mutant indeed resulted in mutant virus 
production increasing from 1 to approximately 60% of 
wild-type yield. Analysis of protein synthesis showed 
that, after treatment of L929 cells with 2-aminopurine, 
host cell translation was completely inhibited after 
mutant virus infection whereas viral translation was 
not affected. In a study of the function of poliovirus 
2A, a viable mutant which did not cleave eIF-4G was 
constructed (10). Similar to the mengovirus L deletion 
mutant, this 2A mutant was incapable of inhibiting 
host cell translation completely and viral protein 
synthesis was reduced. As for the effect of 
2-aminopurine in L deletion mutant mengovirus-
infected L929 cells, treatment of cells with 
2-aminopurine before infection with the poliovirus 2A 
mutant resulted in the rescue of poliovirus protein 
synthesis and in the complete host cell translation 
shutoff(lO). 
Recently, Chen et al. reported that the cardiovirus 
leader peptide contains a zinc binding motif (1). 
Although the significance of this motif is unclear, it 
was suggested that the leader peptide possesses RNA 
binding capacities. Remarkably, human rhinovirus 2A, 
which is equivalent to enterovirus 2A, is a zinc-
containing enzyme as well, and 2A activity fully 
depends on zinc binding (17). 
Enhancement of viral translation by poliovirus 2A and 
aphtovirus L has also been described elsewhere (3, 22). 
Recently, Ziegler et al. demonstrated that enhancement 
of viral translation by enterovirus and rhinovirus 2Apr" 
depends on the 2Apr0-mediated cleavage of cellular 
proteins like eIF-4G (21). In conjunction with the 
result of the work of O'Neill and Racaniello (10) 
described above, it seems that enhancement of viral 
translation and inhibition of host cell protein synthesis 
are two features of the same process. Although the 
mechanism of enhancement of translation is still 
unknown, binding of the 2A protein to the viral RNA 
may be essential in this process. A number of 
translation initiation factors and other cellular proteins, 
like the polypyrimidine binding protein and the fa 
autoantigen, are involved in the translation initiation of 
the picornaviral RNA (7, 20). Viral peptides may be 
necessary to recruit these cellular factors or mediate 
binding of the cellular proteins to the viral RNA. The 
function of the cardiovirus leader peptide may be 
similar to the function of the enterovirus 2A and the 
aphtovirus L proteins. Binding of the cardiovirus 
МІб.1 ІУІ16.1АЦ12-52) 
+ 2-AP 
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Figure 5. Protein synthesis in 2-aminopurine (2-AP)-
treated cells. L929 cells were treated with 10 mM 
2-aminopurine at 2 h preinfection. Cells were infected at an 
MOI of 50 and grown at 36°C. At 2 and 7 h postinfection, 
[i5S]methionine labeling was performed as described for Fig. 3. 
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leader peptide to the viral R N A may be necessary for 
the recruitment of one or more cellular factors 
involved in viral translation The affinity of cellular 
translation initiation factors for the cardiovirus internal 
ribosome entry site may be enhanced by the leader 
peptide This enhancement may be essential especially 
when a restricted host factor is involved Scheper et al 
indeed reported that inhibition of host cell translation 
in cardiovirus mfected cells depends partly on 
competition between viral R N A and cellular m R N A 
for restricted host factors, like eIF-2B (15) Early m 
infection, only minor amounts of viral R N A are 
present So, leader peptide-mediated binding may be 
essential if host cell translation is to be shut off The 
cardiovirus leader peptide seems to be mvolved m this 
inhibition o f host cell protem synthesis, but the way m 
which the protein acts still remams to be elucidated 
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To examine the functional requirements of mengovirus 2A for virus reproduction, a series of 
mutants with overlapping deletions within the 2A region of mengovirus and two chimeric 
construct in which 2A is replaced either by Theiler's murine encephalomyelitis virus (TMEV) 2A 
or Coxsackie B3 virus (CBV3) ΣΑ'™ were generated. In vitro polyprotein synthesis showed that in 
both deletion mutants and the TMEV 2A chimeric construct, 3C protease (3Cprl,)-niediated 
cleavage at the VP1-2A junction was disturbed, which resulted in decreased formation of mature 
capsid proteins and accumulation of the P1-2A precursor. 2Apn-mediated processing of the 
chimeric VP1-2AP™ junction was highly efficient. Although the resulting L-Pl precursor was 
cleaved at the L-VP4 junction, further processing of the PI precursor was abrogated. Two 
deletion mutant viruses and a TMEV 2A chimeric virus were obtained after transfection. The 
CBV-2Apr° construct did not result in viable virus. Deletion mutant virus production was less 
than 3% compared to wild-type virus production, whereas chimeric virus production was 
reduced to 25%. Although inhibition of host-cell translation was identical in wild-type and 
mutant virus-infected cells, viral protein and RNA synthesis were reduced in cells infected with 
mutant virus, independently of the impaired P1-2A processing. It is concluded that mengovirus 
2A may play a functionally role in either virus translation or replication and that the functional 
aspects of mengovirus and TMEV 2A cannot be exchanged. The results also confirm that the 
processing cascade of L-P1-2A occurs sequentially and is probably regulated by subsequent 
conformational transitions of the cleavage products after each proteolytic event. The sequential 
release of L and 2A may be essential in the context of their function in virus replication. 
The genus cardiovirus belongs to the Picornavirus 
family and contains the members encephalomyo-
carditis virus (EMCV), mengovirus and Theiler's 
murine encephalomyelitis virus (TMEV). Its genome 
consists of a 7.8 kb single-stranded RNA molecule of 
positive polarity and contains a large 5' untranslated 
region (5' UTR). The 5' UTR contains an internal 
ribosome entry site from which viral translation is 
initiated in a cap-independent manner. The RNA 
genome is functionally equivalent to cellular mRNA 
and encodes a single polyprotein of approximately 220 
kDa, which is co- and post-translationally processed by 
virus-encoded proteolytic activities (reviewed in 23). 
Among the various genera of the picomaviruses, 
distinct patterns of polyprotein processing can be 
discerned. Although the viral 3C protease (ЪС™) 
performs most of the cleavages in the polyprotein, 
picomaviruses differ with respect to the primary 
cleavage event. In enteroviruses and rhinoviruses, 2A 
protease (2Apro) cotranslationally cleaves at the P1-P2 
junction. The aphthovirus 2A protein only consists of a 
small peptide of 19 amino acid residues. The small 
aphthovirus 2A peptide is homologous to the C-
terminal part of cardiovirus 2A protein. The 
polyproteins of aphthoviruses and cardioviruses exhibit 
a very rapid cleavage of the 2A-2B junction, mediated 
by the C-terminal part of 2A resulting in a L-P1-2A 
precursor, whereas the P1-P2 cleavage is performed 
later by 3C™ activity (17, 18, 24). Aphthoviruses and 
cardioviruses also encode an N-terminal leader peptide 
(L). The aphthovirus leader possesses proteolytic 
activity and cleaves itself cotranslationally from the 
polyprotein, whereas in cardioviruses, the L-Pl 
junction is cleaved by 3Cpr°. 
Both enterovirus and rhinovirus 2Apr0 and 
aphthovirus U™, also cause the proteolytic degradation 
of eukaryotic translation initiation factor 4G (eIF4G), a 
component of the cap-binding complex eIF4F (9, 12, 
15). Proteolysis of eIF4G affects cap-dependent 
translation initiation and therefore contributes to the 
virus-induced shut-off of host-cell translation. 
Translation initiation of the viral RNA occurs through 
a cap-independent mechanism and will therefore not 
be affected by eIF4G cleavage (23). Both viral 
proteases have also been found to function as 
enhancers of viius translation (8, 27, 28), and 
enterovirus 2AP"> may also play a role in viral RNA 
replication (16). The cardiovirus L and 2A proteins do 
not exhibit proteolytic activity and are structurally 
unrelated to other Picornavirus L and 2A proteins. 
However, we recently demonstrated that the 
cardiovirus leader peptide is also involved in the 
inhibition of host-cell protein synthesis (30), although 
the mode of action is still unknown. The function of 
cardiovirus protein 2A is still unknown. EMCV 2A has 
been found to have nonspecific RNA-binding 
properties and to be associated with ribosomes isolated 
from infected cells (13). 
To examine the functional requirements of 



































Figure 1. Construction of the 2A protein deletion mutants Above, secondary structural elements within the wild-type 2A 
protein, predicted according to the Chou-Fasman method (19) o, o-hehx-forming ammo acid residues, ß, ß-strand-forming amino 
acid residues, В BsaBl. Η Hpal, S SnaBl 
series o f mutants with overlapping deletions within the 
2A-encodmg region o f a c D N A clone o f mengovirus 
We also constructed a chimera m which the 
mengovirus protein 2A was replaced by TMEV protein 
2A Apart from the effects on viral translation and 
replication, protein 2A mutations caused a decreased 
efficiency in the processmg of the VP1-2A bond To 
further characterize the effects o f the VP1-2A cleavage 
efficiency on the L-P1-2A processing cascade, 
mengovirus protein 2A was replaced by the Coxsackie 
B3 virus 2A protease (CBV 2A p r o), in which the 
mengovirus VP1-CBV 2AP™ junction is cotransla-
tionally cleaved by C B V 2AP'° 
M A T E R I A L S A N D M E T H O D S 
Cells and viruses. Mouse fibroblasts (L929 cells) were 
used for RNA transfections, virus propagation, and virus 
titrations Virus yields were determined by endpoint titration 
Serial 10-fold dilutions were tested eight times in 96-well plates 
containing L929 monolayers (25) Virus titers were calculated 
according to the method of Reed and Muench and expressed as 
TCID» values (20) 
Construction of the 2A deletion mutants. Pairs of 
endonuclease restriction sites were introduced m the 2A 
encoding region of the mengovirus cDNA clone pM16 1 (5), by 
site directed mutagenesis using specific oligonucleotides as 
previously described (30) For construction of the deletion 
mutants, the following endonuclease restriction sites (which are 
underlined) were introduced A flsaBI site at position 3509 
using the oligonucleotide 5'-GAA GCC AGG ATT TTC АТС 
CAT GGC CAG CTT TGG-3', a BsaBl site at position 3572 
using the oligonucleotide 5 -CTT AGG TCA AAG ACG ATA 
CAA АТС AGC TTC CTG-3, a .WBI site at position 3645 
using the oligonucleotide 5 -TTA AAC CCC TGG AAG AGT 
ACQ TAT CAG GCA GTT TTG-3 , a Hpal site at position 3668 
using the oligonucleotide 5 -CAG GCA GTT TTG CGT GOT 
TAA CCC CAT CGG GTG-3', a ЯіаВІ site at position 3693 
using the oligonucleotide 5 -CGG GTG ACC ATG GAT GTG 
TAT CAC AAG AGA ATA AGG-3', and a SnaBl site at 
position 3774 using the oligonucleotide 5'-GAG AAT GTT TTT 
GGT ACG TAT CAT GTC TTC GAA AC-3' Deletions were 
obtained by digestion with the appropriate restriction enzymes 
and subsequent self-ligaUon Using this approach, four mutants 
with specific m-frame deletions in the 2A region were generated 
(Fig 1A) The constructs were verified by sequence analysis 
using the Ampli Cycle sequencing kit (Perkin Elmer) as 
instructed by the manufacturer 
Construction of the mengovirus 2A/TMEV-2A chimera. 
For the substitution of the 2A encoding region of pM16 1 by the 
TMEV-2A encoding region, silent mutations were introduced in 
pM16 1 at the VP1/2A junction with the oligonucleotide 5'-
GCA GGA GTT CTT ATG CTC GAG AGC CCC AAC CCT 
TTG-3' This resulted m the construct pM16 1(Λ7ιοΙ3416), m 
wich an unique A7?oI site was created at position 3416 of 
pM16 1 The 2A encoding region from position 3826 to position 
4221 of the cDNA clone pDAFL3 from the DA strain of 
Theiler's murine encephalomyelitis virus (22), was amplified by 
PCR with ULTma DNA polymerase according the 
manufacturer's instructions (Perkin Elmer) The TMEV 2A-
region was amplified with forward pnmer 5'-ATT CTC GAA 
CTC GAG AAT CCT GCC GCT TTC-3' which included a Xhol 
restriction site, and reverse pnmer 5'-CTG CAC AGG CCC 
GGG ATT CAT TTC CAC ATC-3' which mcluded a Smal 
restriction site The PCR product was digested with Xhol and 
Smal and cloned mto pM16 l(XhoI3416) digested with ATioI 
(position 3416) and Smal (position 5381) The result was the 
chimeric cDNA clone pMl 6 1-2A/T2A (Fig 2A) The chimeric 
construct was verified by sequence analysis 
Construction of the mengovirus/CBV 2A chimera. For 
the substitution of the 2A encoding region by the Coxsackie B3 
virus (CBV) 2A-encodrng region, a Hpal site was introduced 
into pM16 1 at position 3410 with the oligonucleotide 5'-GGG 
GCT TTC AAG CAT GTT AAC TCC TGC TCT AGG-3 The 
2A encoding region of the cDNA clone pCB3/T7 from the 
Coxsackie B3 virus (11) was amplified as deenbed above with 
forward pnmer 5-AGC АТС ACT GAG CTC АСА AAT 
ACGGGC GCA TTT-3 which included an ЕсПЗбІІ restriction 
site and reverse pnmer 5-CAC ATA GTC CCC GGG TCC 
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Figure 2 Construction of (A) pM16 1-2A/T2A in which the mengovirus 2A-encoding region is replaced by the TMEV 2A-
encoding region, (B) pM16 1-2A/CB2A in which the mengovirus 2A-encodmg region is replaced by the CBV3 2Ap,°-encoding 
region 
TTC CAT TGC ATC-3 which included a Smal restriction site 
The PCR product was digested with £сШ6ІІ and Smal and 
cloned between the Hpal (position 3410) and Smal (position 
3848) restriction sites of pM16 1 The result was the chimeric 
cDNA clone pM161-2A/CB2A (Fig 2B) The chimeric 
construct was verified by sequence analysis 
In vitro transcription and transfcchon Plasmids were 
linearized by digestion with Sail and transenbed m vitro by T7 
RNA polymerase with the Riboprobe in vitro transcription 
system as instructed by the manufacturer (Promega) L929 cells 
were transfected with 4 μg RNA transenbed m varo by the 
DEAE dextran method (14) Bnefly, copy RNA in a volume of 
20 μΐ was mixed with 150 μΐ HEPES (N-2-hydroxye-
thylpiperazine-N -2 ethanesulfonic acid)-buffered saline solution 
(containing 20 mM HEPFS pH 7 05, 137 mM NaCl, 5 mM 
KCl, 0 7 mM NaHjPCv and 5 5 mM glucose) and 150 μΐ 1-
mg/ml DEAE-dextran m HEPES-buffered salme solution and 
incubated on ice for 30 nun L929 cells grown in 25-cm2 flasks 
were washed three times with phosphate-buffered salme (PBS) 
(pH 7 4) and incubated with the RNA/DEAE-dextran mixture at 
room temperature for 30 mm Monolayers were washed three 
times with PBS and subsequently incubated at 36°C m the 
appropriate cell culture medium Once virus growth was 
observed cells were incubated until the cytopathic effect (CPE) 
was complete When no CPE was observed before 5 days after 
transfection the cell cultures were subjected to three cycles of 
freezing and thawing and 250 μΐ was subsequently passaged to 
fresh L929 cell monolayers When the CPE was complete, the 
cultures were subjected to three cycles of freezing and thawing 
before stonng 1 ml aliquots of virus at -80°C The nature of the 
2A encoding regions in transfected cells was examined by RT-
PCR as previously desenbed (29) When no CPE was observed 
5 days after passage the mutations were considered to be lethal 
In vitro translation In vitro translations were performed 
with nuclease-treated rabbit reticulocyte lysate (Promega) 
containing 5μ '̂Γη1 in vitro transcribed copy RNA, 100 mM 
potassium thiocyanate, and 1 μΟ/μΙ [,JS]-methionine 
(Amersham) Translation mixtures were mcubated at 30°C In 
vitro protein synthesis was analyzed by SDS Polyacrylamide gel 
electrophoresis and autoradiography (26) 
Single-cycle growth curves Monolayers (25 cm2) of L929 
cells were inoculated with virus at a multiplicity of infection 
(MOI) of 1 Т е ш » per cell Virus suspensions were replaced by 
fresh culture medium after 30 min adsorption at 36°C Cells 
were disrupted by three cycles of freezing and thawing at 
specific times post-infection and virus titers were determined 
(30) 
Analysis of protein synthesis In vivo Monolayers (2 5 
cm2) of L929 cells were inoculated with virus at an MOI of 50 
ТСШМ per cell Virus suspensions were replaced by fresh 
medium after 30 mm adsorption at 36°C Monolayers were 
washed three times with PBS (pH 7 2) at various times post 
mfection and incubated for 1 h with methionine-free medium 
containing 10 μΟ ["S]methionine (Amersham) per ml Cellular 
extracts were prepared by lysis with a buffer containing 0 5 M 
Tns HCl (pH 8 0), 0 15 M sodium chlonde, 1% Nonidet P t̂O 
0 0 5 % sodium dodecyl sulfate and 0 1 mM 
phenylmethylsulfonyl fluoride Protein synthesis was further 
analyzed by SDS Polyacrylamide gel electrophoresis and 
autoradiography 
Analysis of viral RNA synthesis Monolayers (2 5 cm2) of 
L929 cells were inoculated with virus at an MOI of 50 TCID» 
per cell Virus suspensions were replaced by fresh medium after 
30 min adsorption at 36°C At vanous times post-infection total 
RNA was isolated from the cells with the guamdinium 
thiocyanate phenol-chloroform method as described by 
Chomczynski and Sacchi (3) RNA was dissolved in 20 μΐ 
distilled water and used for dot blot analysis (1) The 
mengovirus cDNA clone pM16 1 was labeled with [o J2P]dATP 
(Amersham) by nick translation (1) After hybridization RNA 
spots were cut out and measured for radioactivity in a liquid 
scintillation counter 
RESULTS 
Construction of mengovirus 2A mutants. 
Computer analysis of the ammo acid sequences of the 
cardiovirus 2A proteins was used to predict secondary 
structural elements within this protein Although 
related proteins with known secondary or tertiary 
structure have not been described so far, it is possible 
to calculate secondary structures with a reliability of 
70% based on the amino acid sequences alone 
accordmg to the Chou-Fasman method (19) The 
predicted secondary protem structure of mengovirus 
2A reveals several altematmg α and ß structures (19) 
(Fig 1) The introduction of couples of restriction 
sites, followed by specific restriction endonuclease 
digestion and self-ligation, resulted in four mutants 
with overlappmg deletions in 2A (Fig 1) In the 
deletion mutants, segments coding for individual (or 
for clusters of) predicted secondary structural elements 
were deleted (Fig 1) In pM16 1Δ2Α1 and 
pM16 1Δ2Α2, the predicted α-helical structures 1 
(position 34 to 46) and 2 (position 77 to 83), 
respectively, were deleted Constructs pM16 1Δ2Α3 
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Figure 3. Time course of the in vj/ro translation of copy RNA derived from (A) wild-type, (В) рМ16.1Д2А2, (С) TMEV 2A 
chimeric construct, and (D) CBV3 IA''" chimeric construct. RNAs derived by in vitro transcription from Sa/I-linearized cDNA 
clones were incubated in rabbit reticulocyte lysate. Samples were taken at the times indicated in the text. The [J!S]methionine labeled 
translation products were analyzed on a SDS-12.5% Polyacrylamide gel. Viral proteins are indicated. 
and ρΜ16.1Δ2Α4 have overlapping deletions but 
lacked the coding regions for both α-helical structure 2 
and ß structure 2 (position 85 to 93), and for the a/ß 
structure (position 99 to 122), respectively. In order to 
preserve the VP1-2A and 2A-2B cleavage sites, 30 N-
terminal amino acid residues and 26 C-terminal amino 
acid residues were retained in all deletion constructs. 
Mengovirus and TMEV are both cardioviruses. 
Despite the apparent genetic relationship between these 
two viruses there is only a limited homology of 19% 
between their 2A proteins. The effect of substituting 
TMEV 2A protein for mengovirus 2A protein was 
examined with the chimeric construct рМІб.1-
2A/T2A. In this construct the complete 2A-encoding 
region of рМІб.1 was replaced by the 2A-encoding 
region from TMEV-DA strain (Fig. 2A). 
Effects of the mutations on polyprotein 
processing. Polyprotein processing of wild-type and 
deletion mutant constructs was examined by in vitro 
translation. A time-course of the wild-type polyprotein 
processing is shown in Fig. ЗА. Formation of the 
various proteins was quantified by densitometry (Fig. 
4A, D). Primary cleavage in cardiovirus polyprotein 
processing occurs cotranslationally, at the 2A-2B 
junction, and an L-P1-2A precursor is formed. This 
precursor was visible after translation for 30 min. (lane 
2 in Fig. ЗА, Fig. 4A). Nonstructural P3 proteins 
appeared after 40 min. (lane 3 in Fig. ЗА, Fig. 4D). 
Thereafter the processing of the L-P1-2A protein 
further proceeded to P1-2A after 50 min. (lane 4 in Fig. 
ЗА, Fig. 4A) and PI and VP4-VP2-VP3 after 60 min 
(lane 5 in Fig. ЗА, Fig. 4A). Finally, the viral capsid 
proteins Р0, VP1, and VP3 were formed after 80 min 
(lanes 7, 8, and 9 in Fig. ЗА). Processing of the 
nonstructural protein could be followed after 40 min. 
(Fig. 4D). Protein 2C was already visible at 40 min and 
accumulated until the experiment was terminated after 
3 h. The P3 protein accumulated until 80 min., after 
which time it was rapidly processed into 3CD, and 3D 
(Fig. 4D). Analysis of the polyprotein processing of the 
deletion mutants showed that the formation of the 
capsid proteins and their precursor was severely 
disturbed (Fig.3B). Polyprotein processing was 
affected in an identical manner by all deletions 
introduced in 2A. As an example, Fig. 3B, 4B and 4E 
show the time-course of the in vitro translation of 
ρΜ16.1Δ2Α2 RNA and viral protein formation. As in 
wild-type virus RNA translation, the L-P1-A2A protein 
appeared after 30 min. of translation and accumulated 
till 50 min, whereafter it was processed into L and 
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Figure 4. Quantitative analysis of the in vitro polyprotein processing. The autoradiographs shown in Fig. 3 were 
densilometrically analysed, and quantification of the bands was performed with ImageQuant software (Molecular Dynamics). ( A-C) 
formation and processing of the L-P1-2A protein. • : L-P1-2A, · • P1-2A, »:P1, »: 1ABC, • . CBV3 2АР'°. (D-F) formation and 
processing of the nonstructural P2 and P3 proteins, v: 2C, П: P3, O: 3CD, Δ: 3D. 
Ρ1-Δ2Α. However, in contrast with the wild-type 
situation, the processing of the Ρ1-Δ2Α and 
consequently the PI proteins was impaired. Only after 
100 min of translation, were minor amounts of PI and 
VP4-VP2-VP3 formed (lanes 8 and 9 in Fig. 3B and 
4B). Formation and processing of the nonstructural 2C 
and P3 proteins was similar in the wild-type and the 
2A deletion mutants (Fig. 4E). 
The chimeric construct pM16.1-2A/T2A contains 
the wild-type TMEV 2A protein. Processing of the 
TMEV polyprotein is similar to the processing of other 
cardioviruses (21). The processing of the chimeric 
construct pM16.1-2A/T2A was also examined by in 
vitro translation (Fig. 3C). The formation of the L-Pl-
T2A and P1-T2A proteins was similar to the 
mengovirus wild-type (Fig. ЗА). Surprisingly, as for 
the 2A deletions mutants, further processing to PI and 
mature capsid proteins was disturbed. Formation and 
processing of the nonstructural proteins were not 
affected in the TMEV 2A chimeric construct. The 
results obtained with the 2A deletion mutants and the 
TMEV chimeric constructs indicate that processing of 
the P1-2A bond is sensitive for any conformational 
disturbance within the 2A region. Protein 2A 
mutations cause a decreased efficiency in the 
processing of the VP1-2A bond. To further 
characterize the effects of the VP1-2A cleavage 
efficiency on the L-P1-2A processing cascade. 
mengovirus protein 2A was replaced by the Coxsackie 
B3 virus 2A protease (CBV 2A1"0). 
In the chimeric construct pM16.1-2A/CB2A the 
mengovirus 2A-encoding region was replaced by the 
Coxsackie В virus 2Ap'°-encoding region (Fig. 2B). The 
amino acid sequence flanking the VP 1-2A junction in 
this chimera represented the original CBV-2Ap,° 
recognition site (Ι, Τ Ν Τ G) in which the cleavage 
occurs between the threonine and glycine residues 
(11). The 2A-2B junction consisted of a mengovirus 
3Cp r o recognition site (7). Therefore, the polyprotein 
processing of the mengovirus/CB2A chimera 
resembled that of the entero- and rhinoviruses. 
Analysis of the in vitro translation and processing of 
the CBV-2AP'0 chimeric construct pM16.1-2A/CB2A, 
revealed that the VP1-CB2A junction was indeed 
cotranslationally cleaved. Consequently, no 
L-P1-CB2A intermediate could be found (Fig. 3D and 
4C). The L-Pl protein was processed into L and PI. 
However, the processing of the resulting PI protein 
was completely blocked. After 30 min of translation, 
CBV 2A protein was accumulatedjndicating that pro-
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Figure 5 Single cycle growth curves of wild-type 
mengovirus ( · ) and mutant viruses vM16 1-2АЛ7А (D) 
vM16 1Δ2Α1(·) and vM16 1Д2А2(+) L929 cells were 
infected at a MOI of 1 and harvested at 2,4 6 8, and 16 h post­
infection Virus titres were determined by titration 
cessing of the novel cleavage site at the 2A-2B 
junction by mengovirus ЗС™ occured efficiently 
Formation and processing of the other P2 and P3 
nonstructural proteins was unchanged (Fig 3D and 
4F) 
Effects of the mutations on virus growth. The 
effects of the substitution of the 2A protein and the 
deletions constructed within the mengovirus 2A-
encoding region on virus growth were studied by 
transfection of L929 cells with copy RNA Virus was 
obtained upon transfection of copy RNAs transcribed 
from the wild-type cDNA (pM16 1), the TMFV-2A 
chimeric construct pM16 1-2A/T2A, and with the 2A 
deletion constructs pM16 1Δ2Α1 and pM16 1Δ2Α2 
Cytopathic effect was complete at approximately 8 h 
post-infection with either wild-type virus or mutant 
viruses The 2A products formed m deletion mutant 
virus-mfected cells, were examined by RT-PCR of the 
corresponding Δ2Α encoding regions PCR products 
with correct sizes were recovered from cells infected 
with either deletion mutant No viable viruses were 
obtained after transfection of copy RNA from the CBV 
2A chimeric construct pM16 1-2A/CB2A and with the 
2A deletion constructs pM16 1Δ2Α3 and 
pM16 1Δ2Α4 
Virus growth kinetics were measured by single-
cycle growth curves (Fig 5) The TMEV 2A chimera 
vM16 1-2A/T2A reached a maximum virus titre at 8 h 
post-infection of approximately 25% compared to 
wild-type virus The maximum virus titres, reached at 
8 h post-mfection with the viable 2A deletion mutants, 
were approximately 2% of the wild-type virus titre 
Effects of the mutant virus infection on protein 
synthesis in vivo. Protein synthesis m cells was 
measured after infection with wild-type and mutant 
viruses (Fig 6) At different times after mfection, as 
indicated above the lanes, the cells were 
[35S]methionine labeled for 30 min Protem synthesis 
was analysed by SDS-PAGE Infection of L929 cells 
with wild-type mengovirus resulted in the inhibition of 
host-cell protem synthesis after 4 h post-infection, 
whereas viral protem synthesis continued until at least 
7 h post-infection (Fig 6A) Shut off of host-cell 
protem synthesis m vM16 1-2АЯ2А, vM16 1Δ2Α1, 
and vM16 1Δ2Α2 mfected cells was similar to the 
wild-type virus situation Host-cell protein synthesis 
contmued until approximately 4 h post-infection, 
whereafter mutant viral protem production contmued 
until 7 h post-infection However, although the shut-
off of host-cell protem synthesis was very efficient, the 
level of viral protein synthesis was decreased 
compared to the wild-type virus protem production 
(Fig 6B and 6C) 
Effects of the 2A deletions and TMEV 2A 
substitution on viral RNA synthesis. To analyse the 
influence of protem 2A on viral RNA synthesis, L929 
cells were either mock or virus mfected at an MOI of 
50 At 2, 4, 6, and 8 h post-infection, total RNA was 
isolated from the wild-type or mutant virus mfected 
cells, dot-spotted and hybridized with a labeled viral 
probe The amount of incorporated radioactivity in 
individual spots was taken as a measure of RNA 
synthesis Mean values of results of this experiment, 
which was reproduced twice, are shown in Fig 7 Viral 
RNA synthesis m wild-type virus infected cells, 
increased between 4 an 8 h post-infection (Fig 7) 
Mutant and chimeric virus-infected cells produced less 
viral RNA than wild-type virus-infected cells At 8 h 
post-mfection, RNA production m vM16 1Δ2Α1 and 
vM16 1Δ2Α2 mfected cells was 50% and 75%, 
respectively, of that of wild-type virus RNA 
production, whereas RNA production in vM16 1-
2A/T2A mfected cells was 50% of that of wild-type 
virus RNA production These results indicate that 
deletions within the 2A-encoding region cause a 
decrease m viral RNA synthesis These results also 
show that TMEV 2A activity can not substitute for the 
mengovirus 2A activity The decreases in viral RNA 
production and virion formation were analyzed m a 
smgle cycle of virus replication, and may therefore be 
due not only to the hampered processmg of the VP1-
TMEV 2A bond, but also to a reduced functional 
activity of TMEV protem 2A m the reproductive cycle 
of mengovirus 
DISCUSSION 
In our study to the biological functions of the 
cardiovirus protem 2A, we were confronted with 
severe processmg defects m the capsid precursor, 
caused by any mutation m the 2A protein itself In 
vitro translation revealed that the processmg of the Pl-
2A junction was affected in all 2A deletion mutants In 
contrast with the P1-2A processmg m enteroviruses, 
the cleavage at the P1-2A junction of cardioviruses is 
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Figure 6. Protein synthesis in L929 cells infected with (A) wild-type mengovinis. or (Β) νΜ16.1Δ2Α1. or (C) TMHV 2A 
chimeric virus vM16.1-2A/T2A. Cells were infected at a MOI of 50 and incubated with methionine-free medium containing 
10цСі/т1 ("S]methionine at various times post-infection as indicated (in hours) above each lane. After a 1 h labeling period, the 
cells were lysed and protein synthesis was analysed on a SDS-12.5% Polyacrylamide gel. 
was demonstrated that mutations in the C-terminal 
region of cardiovirus 2A, which is required for a 
correct cleavage of the 2A-2B bond, also affected the 
processing of the VP 1-2A junction (6). They suggested 
that an abrogated primary cleavage prevents the 
sequential exposure of the natural 3Cpro cleavage sites 
within the capsid precursor protein. The proper 
formation of this precursor protein is obligatory in this 
proces (6). We also found that the VP1-2A bond was 
less efficiently cleaved in our mutants despite a correct 
and efficient primary cleavage. 
Despite the limited similarity between the 
mengovinis and TMEV 2A proteins, the primary 
cleavage in polyprotein processing and the subsequent 
processing cascade of the L-P1-2A precursor are 
similar in both viruses. Although the full length TMEV 
2A protein was present in the pM16.1-2A/T2A 
chimera, the cleavage of the VP1-2A bond 
demonstrated a decreased efficiency compared to the 
wild-type mengovinis situation. Differences in tertiary 
structure between the mengovinis and TMEV 2A 
proteins may cause reduced accessibility of the VP1-
2A cleavage site, similar to the proposed 
conformational changes in the 2A deletion mutants. 
To further investigate the importance of the 
sequential processing of the L-P1-2A precursor, we 
generated a chimeric construct pM16.1-2A/CB2A, in 
which the 2A region was replaced by Coxsackie B3 
virus 2Арт° encoding region. Processing of the VP 1-2A 
site occured cotranslationally and appeared to be 
highly efficient. Hence, no L-P1-2A intermediate was 
formed and the observed capsid protein precursor was 
formed by the L-Pl protein. Free CBV 2Apro was 
formed as soon as the mengovirus 3Cpr° activity 
became available. The resulting L-Pl precursor was 
further processed to mature L and a PI polypeptide. 
Surprisingly, further processing of the PI precursor 
was completely abolished. Even after prolonged 
incubation times, no mature capsid proteins could be 
observed. Truncation of the capsid precursor appeared 
to be inhibitory to the PI processing cascade. Hence, 
not only proper primary 2A-2B cleavage is essential 
for the conformational status of the 2A region, but also 
the 3Cpr0-mediated processing of the VP 1-mengovirus 
2A bond is necessary for the formation of a correctly 
folded PI cleavage product. This implies that cleavage 
of mengovirus 2A by 3CP'° activity may induce a 
conformational transition, necessary for the subsequent 
exposure of the other functional 3C° cleavage sites 
within polypeptide PI. A chimeric virus in which the 
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mengovirus leader is replaced by the foot-and-mouth 
disease virus (FMDV) leader protease, exhibits a 
cotranslational cleavage of the L-Pl bond (unpublished 
results) The generated P1-2A capsid precursor is 
efficiently processed into mature capsid proteins 
Hence, the proteolytic cascade of the L-P1-2A 
precursor depends on the proper processing of the 















Figure 7 Analysis of viral RNA synthesis in cells infected 
with vM16 1 ( ·), vM16 1Δ2Α1 (*), vM16 1Δ2Α2 (+), and 
vM16 1-2A/T2A (Ü) L929 cells were infected at an MOI of 50 
and were grown at 36°C At the times indicated, total RNA was 
isolated, dot-spotted and hybridized with an [o-)2P]-labeled 
mengovirus specific probe Individual spots were measured m a 
liquid scintillation counter 
Among the various genera of the picomaviruses, 
distinct patterns of polyprotem processing can be 
discerned Primary cleavage releases the PI precursor 
of the structural proteins from the nonstructural 
proteins, whereas further processing is executed via a 
cascade of intramolecular proteolytic steps This 
cascade of polyprotem processing could serve to 
regulate viral gene expression Since each released 
viral protein or polyprotem precursor is presumed to 
contribute to the reproduction of the virus, the 
temporal release of these precursors may be essential 
to the replication cycle of the vims (2) The temporal 
release of the cardiovirus 2A protein may be a 
reflection of its necessity m later stages of the 
infectious cycle 
The processmg of the 2A-2B junction and 
consequently the production of nonstructural protems 
were not affected m our deletion mutants This is 
consistent with the fmdmg of Palmenberg and co-
workers, who demonstrated that deletion of two-third 
of the N-terminal part of cardiovirus 2A had no effect 
on the cleavage of the 2A-2B junction (18) The C-
terminal part of 2A, which is similar to the 2A peptide 
of aphthovirus is essential for cleavage of L-P1-2A 
from the other, nonstructural P2-P3 proteins (4, 18) 
Transfection of cells with the deletion mutant RNAs 
resulted m the viable mutant viruses vM16 1Δ2Α1 and 
vM16 1Δ2Α2, m which respectively one or two 
predicted α-helices m the N-terminal half of the 
protem were completely deleted The other two 2A 
deletion mutants appeared to be lethal The secondary 
and tertiary structures of the 2A protem are still 
unknown Therefore it is difficult to predict the 
consequences of partial deletions of the protem on its 
final conformation Apparently, deletions m the N-
termmal part reduce the accessibility of the VP1-2A 
bond, whereas deletions m the rest of the 2A protein 
will affect the VP1-2A cleavage efficiency to such an 
extent that viable viruses can no longer be obtamed 
Shut-off of host-cell translation was similar m both 
mutant and wild-type virus infected cells Hence, 
mengovirus 2A is not mvolved m host-cell translation 
shut-off However, analysis of the growth 
characteristics showed that the production of mutant 
virus is reduced compared with wild-type virus 
production The reduced production of mutant virus is 
caused by both a reduction of viral protem and RNA 
synthesis, and a reduction of viral particle formation 
due to the hampered processmg of the PI capsid 
precursor Equal and high MOIs of wild-type and 
mutant viruses were used durmg the assays for virus 
protem and RNA synthesis m a smgle cycle of virus 
replication Therefore, the observed decreases in viral 
protem and RNA synthesis do not depend on the 
amount of viral capsid protems produced, but directly 
reflect the role of the 2A protem m the viral life cycle 
Kong et al (10) have previously found that the 
leader peptide of TMEV can functionally be 
substituted by the EMCV counterpart To examme 
whether the TMEV 2A protem can also take over the 
mengovirus 2A function, a chimeric cDNA was 
constructed The chimeric virus demonstrated a 
decrease m virus production to 25% compared to wild-
type virus production Analysis of protem synthesis in 
virus-mfected cells revealed that the processmg of the 
VP 1-TMEV 2A bond is less affected than the 
processmg of the Р1-Д2А bond Since the 
mechanism of picomaviral replication implicates an 
excessive production of capsid protem compared to 
progeny (+) RNA strands (23), the decrease m 
chimeric virus production may be only partially caused 
by the hampered processmg of the VP 1-2A junction 
Analysis of viral RNA and protem synthesis during 
virus infection revealed that the chimeric virus 
demonstrated a similar reduction to that seen m the 2A 
deletion mutants m viral RNA and protem synthesis 
The results obtained m this study suggest that the 
activity of mengovirus 2A cannot be substituted by the 
TMEV 2A protem Viral RNA synthesis m mutant and 
chimeric virus-infected cells was significantly reduced 
compared with the viral RNA synthesis m wild-type 
virus infected cells Smce the effects of a reduction m 
virus translation or a reduction m RNA synthesis are 
mterdependent, the effects of the 2A mutants on virus 
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translation and viral R N A synthesis cannot be 
distinguished If the 2A proteins of mengovirus and 
TMEV possess a similar function, our results indicate 
that cardiovirus 2A functions in a virus-specific 
manner 
The results presented here show that the 
cardiovirus 2A protein is involved in either virus 
translation or replication, m which 2A activity seems 
to increase virus production two- to fourfold The 
results also confirm that the processing cascade of L-
P1-2A occurs sequentially and seems to be regulated 
by subsequent conformational transitions of the 
cleavage products after each proteolytic event The 
sequential release of the nonstructural 2A polypeptide 
may be essential in the context of its function in virus 
translation or replication during later stages of the virus 
replication cycle 
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Construction and characterisation of mengovirus leader 
peptide chimeras containing the foot-and-mouth disease virus 
leader protease or the Coxsackie B3 virus 2A protease 
JAN ZOLL, JOCHEM M.D. GALAMA, AND WILLEM J.G. MELCHERS 
Department of Medical Microbiology, University of Nijmegen, The Netherlands 
To investigate the possible mode of action of the cardiovirus L peptide in tbe sbutoff of 
cellular protein synthesis, we created chimeric constructs in which the mengovirus L-encoding 
region was replaced by tbe Coxsackie B3 virus 2Apr* or the FMDV L,r* encoding sequences. The 
chimeric construct, in which tbe mengovirus was replaced by the coxsackievirus B3 2Apr* was 
nonviable. However, in vitro translation of this construct resulted in a 2AP™ mediated 
degradation of eIF4G. In the Coxsackie virus B3 2A"~ chimeric construct the 3CP~ mediated 
cleavage of the 2A""*-VP4 bond appeared to be abolished. The chimeric cardiovirus construct in 
which the leader peptide was replaced by the FMDV leader protein, was viable in both L929 and 
BHK-21 cells. The resulting chimeric virus, vM16.1-L/AL, caused a rapid degradation of eIF4G 
after infection and a correspondingly rapid shutoff of host cell translation. Characterization of 
МІб.І-L/AL revealed that the function of the cardiovirus L protein can be taken over by the 
FMDV L protease, without host cell restriction. However, the shutoff of host cell translation in 
cells infected with vM16.1-L/AL is more efficient than the shutoff in wild-type cardiovirus 
infected cells. The rapid shutoff of host cell translation in vM16.1-L/AL infected cells, may be the 
cause of the observed decrease in chimeric virus yields. 
The genus cardiovirus belongs to the Picornavirus 
f a m i l y and c o n t a i n s the m e m b e r s 
encephalomyocarditis virus (EMCV), mengovirus, and 
Theiler's murine encephalomyelitis virus (TMEV). Its 
genome consists of a 7.8 kb single stranded RNA 
molecule of positive polarity and encodes a single 
polyprotein of approximately 220 kDa, which is co-
and posttranslationally processed by vims encoded 
proteolytic activities (19). The coding region is flanked 
by a large 5' untranslated region (5' UTR), and a 3' 
UTR. Both 5' and 3' UTR contain signals for RNA 
replication (1, 14, 18). The 5' UTR contains an internal 
ribosome entry site (1RES) from which viral translation 
is initiated in a cap-independent manner (19). 
Picornavirus infections result in the shutoff of 
cellular protein synthesis. The inhibition of host cell 
translation depends on the competition between the 
viral RNA and cellular mRNAs for cellular translation 
initiation factors (8). The mechanisms by which this is 
achieved is different for the cardioviruses and the other 
picomaviruses. In the case of enteroviruses and 
rhinoviruses, the inhibition of host cell translation is 
caused by the virally encoded 2A protease (2Apn>), 
whereas in the case of aphthoviruses the inhibition of 
host cell translation is caused by the leader protease 
(L1™) (10. 13). The 2A proteases belong to the trypsin-
like serine proteinases but have an active site cysteine 
residue instead of serine (2, 26). In contrast, the 
aphthovirus U" exhibits amino acid sequence 
similarities with the papain like cysteine proteinases 
(6). Although the 2AP'0 of the enteroviruses and 
rhinoviruses is structurally unrelated to the L1"0 of the 
aphthoviruses, both proteins are functionally similar 
(2). Both 2АГ and L"™ cause their own release from 
the polyprotein by autocatalytic proteolysis at their N-
terminus and C-terminus, respectively. Both proteases 
subsequently cause the proteolytic degradation of 
eukaryotic translation initiation factor 4G (eIF4G), a 
component of the cap-binding complex eIF4F (10. 13, 
15). Proteolysis of eIF4G affects cap-dependent 
translation initiation and therefore contributes to the 
virus induced shutoff of host cell translation. 
Translation initiation of the viral RNA occurs through 
a cap-independent mechanism and will therefore not 
be affected by eIF4G cleavage (19). Apart from this, 
both proteases have also been found to function as 
enhancers of virus translation (7, 24, 25), and 
enterovirus гА1™ may also play a role in viral RNA 
replication (16). Cardiovirus infections also lead to the 
inhibition of host cell protein synthesis. However, no 
degradation of eIF4G or other translation initiation 
factors are observed in cardiovirus infected cells. It 
was thought that inhibition of host cell translation was 
based on the competition for cellular factors between 
the viral RNA and the cellular mRNAs and a shiñ in 
intracellular ion concentrations caused by a virus 
induced increase of the membrane permeability (3, 
22). However, recently, Gingras et al. showed that the 
inhibition of host cell protein synthesis in EMCV 
infected cel ls also coincides with the 
dephosphorylation of the translational repressor 4E-
BP1 Gingras et al., 1996). The dephosphorylated form 
of this protein specifically interacts with the cap-
binding protein eIF4E and prevents the formation of 
the cap-binding complex. Upon phosphorylation of 




mengovirus L foot-and-mouth disease virus L mengovirus VP4 
Π Γ ΊΓ 
- ATG GAA'CTC'GAG CTG АСА CTG AAG CTC AAA'GGC M C Тед -
M E L E L T L K L K G N S 
B. 
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- GAA'CTC GAG 'АСА ATG АСА AAT ACG 'GGC CCA GAA GAT GAT ТТТ GAG АСА CAG GGC -
E L E R M T N T G A E D D F E T Q G 
Figure 1 Chimenc mengoviruses (A) pM16 1-L/AL the mengovirus L-encoding region is replaced by the foot-and-mouth 
disease virus LF°-encoding region (B) pM16 1-L/CB2A the mengovirus L-encodmg region is replaced by the coxsackievirus B3 
2Ap™-encoding region 
and will enable eIF4E to complex with eIF4G and 
eIF4A to form the cap-binding complex eIF4F Both 
EMCV and poliovirus infections cause the 
dephosphorylation of 4E-BP1 (5) However, the 
dephosphorylation of 4E-BP1 in poliovirus infected 
cells does not correlate with the 2AP'0 catalyzed eIF4G 
cleavage and lags behmd the shutoff of cellular 
translation Gingras et al suggested that 
dephosphorylation of 4E-BP1 may be the major cause 
of the inhibition of host cell protein synthesis in 
EMCV infected cells (5) Cardioviruses contam both L 
and 2A proteins However, these protems do not 
exhibit proteolytic activity and are structurally not 
related with other Picornavirus L and 2A protems 
Recently, we demonstrated that the cardiovirus leader 
peptide is involved m the inhibition of host cell protem 
synthesis (27) Deletion of the cardiovirus leader 
peptide results m a vims which is no longer capable to 
efficiently inhibit host cell protein synthesis (27) In 
the present study we further mvestigated the role of the 
cardiovirus L protem m the shutoff of cellular 
translation We studied the ability of the foot-and-
mouth disease virus (FMDV) Lpro and Coxsackie В 
virus type 3 (CBV) 2АГ1 to inhibit host cell translation 
m cardiovirus mfected cells Chimeric mengoviruses 
were constructed m which the mengovirus L-encoding 
region was replaced by either the FMDV L*° or the 
CBV IA?" encoding sequences 
MATERIALS AND METHODS 
Construction of chimeric cDNAs. For the substitution of 
the mengovirus L-protem encoding region by the foot-and-
mouth disease virus (FMDV) L-encodmg region, a Xhol site 
was introduced into pM16 1 (4) at position 737 with the 
oligonucleotide 5'-GGA ATG AGC АСА AAT CTC GAG TTC 
CAT GGT TGT AGC-3, and a Hpal site was introduced at 
position 920 with the oligonucleotide 5 -АТС GGA TGA GGT 
TGA GTT AAC TTG TGT CTC GAA CAC-3' Endonuclease 
recognition sequences are underlined in the oligonucleotide 
sequences The L encoding region of the cDNA clone pMR15 
from the FMDV type OIK (20) was amplified by PCR with 
ULTma DNA polymerase according the manufacturer's 
instructions (Perkin Elmer) with forward pnmer 5'-ACA GGG 
AAA CTC GAG CTG АСА CTG TAC AAC GG-3' which 
included a Xhol restriction site, and reverse pnmer S'-GGA 
TTG TCC GGC GCC TTT GAG CTT GCG TTG-3' which 
included an Ehel restriction site The PCR product was digested 
with Xhol and Ehel, and cloned between the Xhol (position 
737) and Hpal (position 920) restriction sites of pM16 1 The 
result was the chimeric cDNA clone pM16 1-L/AL (Figure 1A) 
For the substitution of the Coxsackie B3 virus 2A-encoding 
region for the mengovirus L encoding region, the 2A encoding 
region of the cDNA clone pCB3/T7 from the Coxsackie В virus 
type 3 (12) was amplified as described above with forward 
pnmer 5'-AGG CAA AGC CTC GAG АСА ATG АСА AAT 
ACG GGC-3' which included a Xhol restriction site, and reverse 
pnmer 5'-ATA GTC CTT GGC GCC CTG TGT CTC AAA 
АТС АТС TTC CAG CCA CAG-3' which included an Ehel 
restriction site The PCR product was digested with Xhol and 
Ehel and cloned between the Xhol (position 737) and Hpal 
(position 920) restnction sites of pM16 1 construct descnbed 
above The result was the chimeric cDNA clone pM16 1-
L/CB2A (Figure IB) The inserted FMDV L<™ and CBV 2A"™ 
genes m the chunenc constructs were verified by sequence 
analysis 
In vitro transcription and transfechons. Plasmids were 
luieanzed by digestion with Sail and transcribed in vitro by T7 
RNA polymerase with the Riboprobe in vitro transcription 
system as instructed by the manufacturer (Promega) Cells were 
transfected with 4 μg of each in vitro transenbed RNA using the 
DEAE-dextran method as previously descnbed (21) 
In vitro translation. In vitro translations were performed 
with nuclease treated rabbit reticulocyte lysate (Promega) 
containing ^g/ml in vitro transcribed RNA, 100 mM potassium 
thiocyanate, and 1 цСі/μΙ ["S]-methionine (Amersham) 
Translation mixtures were incubated at 30°C In vitro protem 
synthesis was analyzed by SDS Polyacrylamide gel 
electrophoresis and autoradiography (27) 
Single cycle virus growth curves. Monolayers (25 cm2) of 
L929 and BHK-2I cells were inoculated with virus at a 
multiplicity of infection (MOI) of 1 ТСГОЯ per cell Virus 
suspensions were replaced by fresh culture medium after 30 mm 
adsorption at 364; Cells were disrupted by three cycles of 
freezing and thawing at specific times postinfection 
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powder and 1% normal goat serum in PBS for 1 h. The 
membrane was probed with a rabbit antiserum raised against 
amino acid residues 327-342 of rabbit eIF-4G (23). The 
antiserum was added to the blocking reagens in a 1:1000 
dilution and incubated overnight at room temperature. The 
membrane was washed three times with 0.05% tween-20 in PBS 
and incubated with a 1:1000 dilution of alkaline phosphatase 
conjugated goat anti rabbit IgG (DAKO) in PBS with 1% nonfat 
milk powder for 2 h. at room temperature. The membrane was 
washed three times with 0.05% tween-20 in PBS and once in 
alkaline phosphatase assay buffer (AP buffer: 0.1 M Tris, 0.1 M 
NaCl, 5 mM MgCI2). Alkaline phosphatase reaction was 










Figure 2. In vitro translation reactions of RNA transcribed 
from (A) рМІб.1, (В) pM16.1-L/AL, and (C) pM16.1-L/CB2A. 
After 20, 30, 40, 50, 60, 80, 100, 120,and 180 min (Lanes 1 to 
9), 5 μΐ samples were taken from the reaction mixture and 
analyzed on SDS-12.5% Polyacrylamide gels. Viral proteins are 
indicated. 
Virus yields were determined by endpoint titration as previously 
described (27). 
In vivo labeling of virus infected cells. Monolayers (2.5 
cm2) of L929 cells were inoculated with virus at an MOI of 50 
ТСГО50 per cell. Virus suspensions were replaced by fresh 
medium after 30 min adsorption at 36°C. Monolayers were 
washed three times with PBS (pH 7.2) at different times after 
infection, as indicated in the text, and incubated for 30 min with 
methionine-free medium containing 10 цСі ["SJmethionine 
(Amersham) per ml. Cellular extracts were prepared by lysis 
with a buffer containing 0.5 M Tris-HCl (pH 8.0), 0.15 M 
sodium chloride, 1% Nonidet P-40, 0.05% sodium dodecyl 
sulfate (SDS), and 0.1 mM phenylmethylsulfonyl fluoride. 
Protein synthesis was further analyzed by SDS-polyacrylamide 
gel electrophoresis and autoradiography. 
Western blotting. RNA transcribed from рМІб.1. 
pM16.1-L/AL, and pM16.1-L/CB2A were translated in vitro for 
120 min. In vitro translation mixtures were electrophoresed on 
SDS Polyacrylamide gels and transferred to a nitrocellulose 
membrane. The membrane was blocked by 1% nonfat milk 
RESULTS 
Initiation of translation by mengovirus requires 
RNA sequences within the 5' end of the L-encoding 
region (9, 27). Therefore, in the construction of 
chimeric mutants the region coding the N terminal 6 
amino acid residues were maintained. In the chimeric 
virus pM16.1-L/AL the mengovirus L encoding region 
was replaced by the FMDV Lpr0 encoding region (Fig. 
1A). The amino acid sequence, flanking the L-VP4 
junction in this chimera represents the original FMDV-
Lpr° recognition site (K L К G) in which the cleavage 
occurs between the lysine and glycine residues (25). 
Analysis of in vitro translation and processing of 
pM16.1-L/AL revealed that the FMDV L-VP4 
junction was indeed cotranslationally cleaved. 
Consequently, no L-P1-2A protein could be found 
(Fig. 2B). The resulting P1-2A product was efficiently 
processed to the various mature proteins. 
Log TClD50/mI 
Hours postinfection 
Figure 3. Single cycle growthcurves of МІб.1 (•) and 
МІб.І-L/AL ( · ) . L929 cells were infected at a MOI of 1 and 
harvested at 2, 4, 6, 8, and 16 h postinfection. Virus titers were 
determined by titration (27). 
The original mengovirus cleavage site of the L-
VP4 junction in the chimeric construct рМІб.1-
L/CB2A, which is recognized by the viral 3C protease 
is maintained in this construct (Fig. IB). Analysis of in 
vitro translation and processing however, demonstrated 
a defect in the cleavage of the chimeric L-VP4 
junction. An accumulation of a product of 
approximately 90 kDa was observed during in vitro 
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translation (Fig. 2C). Since the capsid protein VP1 was 
clearly visible, we concluded that the 90 kDa product 
consists of CB2A-VP4-VP2-VP3. No bands 
corresponding with VPO and VP3 could be observed. 
The effects of the substitution of the L protein on 
virus viability were studied by transfection of L929 
and BHK-21 cells with RNA transcribed from the viral 
cDNAs. Virus was obtained upon transfection of 
RNAs transcribed from wild-type cDNA, рМІб.1, and 
pM16.1-L/AL. Transfection of RNA transcribed from 
pM16.1-L/CB2A did not give rise to viable virus, 
possibly due to the impaired processing of the 2AP'°-
VP4 bond in CB2A-VP4-VP2-VP3, as observed in the 
in vitro translation assay. Viral growth kinetics were 
measured by single cycle growth curves (Fig. 3). The 
chimeric virus vM16.1-L/AL reached a maximum 
virus titer of approximately 10% of that of maximum 
wild-type virus level. Production of vM16.1-L/AL 
could only be observed between 4 and 6 hours 
postinfection, whereas wild-type virus production 
continued until 8 hours postinfection. After 8 hours 
postinfection the chimeric virus titer did not further 
increase. No differences were observed in the growth 
characteristics of vM16.1-L/AL in either L929 or 
BHK-21 cells. 
Protein synthesis was measured after infection of 
L929 cells with wild-type virus and vM16.1-L/AL 
(Fig. 4). Infection of L929 cells with wild-type 
mengovirus resulted in the inhibition of host cell 
protein synthesis 4 hours postinfection, whereas viral 
protein synthesis continued until at least 7 hours 
postinfection (Fig. 4A). Host cell protein synthesis in 
vM16.1-L/AL infected L929 cells was completely 
inhibited already at 2 hours postinfection. Viral protein 
synthesis of vM16.1-L/AL continued only until 6 
hours postinfection, whereafter no further protein 
synthesis was observed (Fig. 4B). These results 
correspond with those of the single-cycle growth curve 
of vM16.1-L/AL, in which no virus production was 
measured at more than 6 hours postinfection (Fig. 3). 
The data suggested that the rapid shutoff of host cell 
translation was caused by the FNÍDV-Lpr° activity, 
since the presence of the protease was already 
observed at 2 hours postinfection (Fig. 4B). 
The enterovirus 2Apr° and the aphtovirus Lpr° 
proteases catalyze the cleavage of the translation 
initiation factor eBF4G. The degradation of eIF4G was 
followed in rabbit reticulocyte lysate during in vitro 
translation. Figure 5A demonstrates that 2Apro activity, 
from translation of transcripts generated from рМІб.1-
L/CB2A is capable of degrading eIF4G, although 2Apr0 
was still linked to the PI (Fig. 2). No degradation was 
observed in lysates programmed with RNA from wild-
type mengovirus (Fig. 5A). 
В 
Figure 4. Protein synthesis in L929 cells infected with (A) МІб.1, or (B) vM16.1-L/AL. Cells were infected at a MOI of 50 
and incubated with methionine-free medium containing 10цСі/т1 [15S]methionine at various times postinfection as indicated (in 
hours) above each lane. After a 1 h labeling period, the cells were lysed and protein synthesis was analyzed on a 12.5% SDS-
polyacrylamide gel. 
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Figure S. (A) Western assay of in vitro translation reactions, programmed with RNA transcribed from the constructs which are 
indicated above the lanes. RNAs were translated for 2 h. Translation products were separated on 10% SDS-polyacrylamide gels and 
transferred to nitrocellulose membrane. The membrane was probed with an antiserum raised against the N-terminal of cIHG (23). 
eIF4G and die N-termtnal cleavage products are indicated (B) Western assay of lysates of L929 cells, mock-infected or infected with 
either wild-type mengovirus or the FMDV-L1"0 chimeric virus vM16 1-L/AL. At various times after infection, as indicated (in mm) 
above each lane, culture medium was removed and the cells were lysed Cellular extracts were further characterized as indicated in 
Figure 5A 
The effect of FMOV-L"™ activity on eIF4G 
cleavage was determined during infection of L929 
cells with either wild-type mengovirus or the МІб.1-
L/AL chimera. At different time points after infection 
the integrity of eIF4G was analyzed by western 
blotting assay (Fig. 5B). Infection with wild-type 
mengovirus did not result in the cleavage of cLF4G. No 
differences in the protein band pattern could be 
observed compared to the mock infected cells. 
Infection with vM16.1-L/AL, however, resulted in a 
rapid degradation of eLF4G. At 90 min after infection 
only minor amounts of the undegraded protein were 
visible, while a strong signal caused by the N-terminal 
cleavage products of eIF4G, was produced (Fig. 5B). 
Hence, the FMDV-Lpr° induced cleavage of eIF4G in 
cells infected with МІб 1-L/AL, which coincided 
with the shutoff of host cell translation (Fig. 4D). In 
contrast to this rapid shutoff, wild-type mengovirus 
induced inhibition of host cell protein synthesis takes 
at least four hours to complete. 
DISCUSSION 
Besides the roles of FMDV V"° in the processing 
of its cognate polyprotein, and in the proteolysis of 
eIF4G, this viral protease cleaves more cellular 
proteins. It has been speculated that cleavage of these 
cellular targets by FMDV V"° will contribute to the 
dramatic cytopathic effects observed in FMDV 
infected cells (25). This phenomenon may be the cause 
of the reduced production of chimeric virus compared 
to wild-type mengovirus production. Accumulation of 
МІб.І-L/AL stops at 6 hours postinfection which 
coincides with the strong reduction of viral protein 
synthesis. The rapid inhibition of host cell translation 
in pM16.1-L/AL infected cells seems to be detrimental 
for mengovirus translation. In contrast to the 
cardioviruses, aphthoviruses do not contain a 
functional 2A protein. We recently have shown that, 
although cardioviruses do not absolutely require their 
2A protein, viral translation or replication is enhanced 
by 2A activity (28). Moreover, deletion of the 
cardiovirus leader peptide also resulted in a viable 
virus, although this mutant virus is no longer capable 
of inhibiting host cell protein synthesis (27). Hence it 
seems that host cell shutoff and efficient cardioviral 
translation and replication depend on more specific 
interactions of the L and 2A proteins with other viral 
and cellular factors. 
We have previously demonstrated that in early 
stages of infection, the mengovirus leader is required 
for the shutoff of host cell protein synthesis (27). 
Growth of L deletion mutant cardioviruses appeared to 
be host cell restricted (11, 27). The chimeric virus in 
which FMDV L·"™ was substituted for the mengovirus 
L protein, does not exhibit this host cell restriction, and 
is able to replicate in L929 cells at the same level as in 
BHK-21 cells (data not shown). This is in contrast 
with the results of Piccone et al. (17). They also 
described a chimeric virus in which the FMDV V"° 
substituted for the TMEV leader peptide. Their 
chimera was viable in BHK-21 cells, but failed to grow 
in L929 cells. The main differences between the 
chimeric Theiler's virus and our chimeric construct can 
be found in the processing of the L-VP4 bond. Piccone 
et al. cloned the FMDV Lb encoding region upstream 
of the TMEV sequences which encodes the eight C-
terminal amino acid residues from the TMEV-L 
peptide. Processing of the L-VP4 bond appeared to be 
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hampered after the release of FMDV \7™ by 
autoproteolysis at its own C-terminus (17) A similar 
processing defect was observed in our CBV 2Apro 
chimeric construct However, in vM16 1-L/AL 
described here. V° is presumably autocatalytically 
cleaved immediately at the LP"'-VP4 junction. No 
additional amino acid residues are present at the N-
lerminus of VP4 and the original VP4 amino acid 
sequences, including the N-terminal mynstoylation 
signal, were maintained Apparently, this may be the 
reason why growth of vM16 1-L/AL is not host cell 
restricted Characterization of vM16 1-L/AL revealed 
that by the proteolytic degradation of the translation 
initiation factor elF4G. FMDV U™ can functionally 
substitute for the cardiovirus leader peptide m the 
inhibition of cellular translation 
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One of the most radical changes observed in Picornavirus infected cells is the rapid, virus-
induced switch from host cell protein synthesis to the exclusive production of viral proteins. 
Picornavirus RNA translation is cap-independently initiated by internal entry of ribosomes to the 
1RES element. Enteroviruses, rhinoviruses, and aphthoviruses inhibit cap-dependent host-cell 
translation by proteolysis of the translation initiation factor eIF4G. Degradation of eIF4G is not 
found in cardiovirus infected cells. Therefore, the underlying mechanism of inhibition of host cell 
protein synthesis in cardiovirus infected cells must be different from that observed in cells 
infected with other picornaviruses. Here, we show that the mengovirus leader protein specifically 
inhibits 5'-end dependent translation initiation of both capped and uncapped mRNAs, without 
affecting IRES-depcndent initiation of translation. We demonstrate that the mengovirus leader 
protein interacts with ribosomal proteins both in vitro and in vivo. Analysis of cells infected with 
either wild-type mengovirus or a mengovirus in which the leader protein was deleted 
demonstrated a correlation between the expression of the leader protein and the disaggregation 
of polysomes. These results indicate that the mengovirus leader protein inhibits 5'-end dependent 
translation through the interaction with ribosomal proteins and provide evidence for a novel 
mechanism in Picornavirus induced inhibition of host cell translation initiation. 
One of the most striking events observed m 
Picornavirus infected cells is the rapid, viras induced 
shiñ from host cell translation to the predominant 
production of viral proteins (8) Inhibition of host cell 
mRNA translation during Picornavirus mfection is not 
caused by the degradation of host cell mRNA (17), but 
depends on the successful recruitment of the 
translational machinery for viral translation The 
selective inhibition of host cell translation most likely 
reflects the differences between host cell and viral 
RNA translation initiation 
Infection with most members of the Picornavirus 
family, namely enteroviruses, rhinoviruses, and 
aphthoviruses results m a rapid modification of 
initiation factor eIF4G, a component of the cap-
binding complex eIF4F Soon after mfection, this 
protein is cleaved by virus encoded proteases (6, 9, 
19) Cleavage of eIF4G appeared to be dependent on 
the interaction with the eIF3 complex (41) This 
initiation factor is found in the 40S ribosomal subunit 
and can mteract with eIF4G (24) Cleavage of eIF4G 
prevents the formation of the cap-bmdmg complex by 
dissection of the eIF4E and eIF4A binding sites on 
eIF4G, and results m the inhibition of host cell 
translation 
Mechanisms of translation initiation in 
picornaviruses differs from that of host cell mRNAs 
The 5' untranslated region (UTR) of picomaviral 
RNAs lack a 5'-cap structure but contain an internal 
nbosome entry site (1RES) which is positioned just 
upstream of the initiating AUG startcodon (3, 15, 27, 
39) Picornavirus 1RES structures are about 450 
nucleotides long and are highly folded Despite the 
differences m primary and higher order RNA 
structures between 1RES elements of different 
picornaviruses, a number of small conserved sequences 
are recognised in the 1RES elements of all 
picornaviruses (14) One of the most conserved parts m 
1RES elements observed m all picornaviruses is a 
pynmidine neh segment nearby the 3' boundary of the 
1RES (21, 32, 33) This segment is thought to directly 
mteract with the 40S ribosomal subunit (33, 35) 
Consequently, 1RES mediated translation initiation 
occurs 5'-cap independent and is therefore not affected 
by the virus induced cleavage of eIF4G 
Little is known about the mechanisms of host cell 
translation inhibition in cardiovirus infected cells and 
the identity of the viral protein involved m this 
modification Here, we describe evidence that the 
mengovirus leader protein is involved m the inhibition 
of host-cell translation We show that the leader 
protein specifically inhibits 5'-end dependent initiation 
of translation of both capped and uncapped mRNAs, 
whereas 1RES dependent initiation of translation is not 
affected Furthermore, it is shown that mengovirus 
leader protein bmds to ribosomal proteins and plays a 
role m the disaggregation of polysomes These 
findings strongly argue for a novel mechanism m 
Picornavirus mduced inhibition of host cell translation 
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M A T E R I A L S A N D M E T H O D S 
Cells and viras. Mengovirus vM16 1 was obtained upon 
transfection of in \itro transenbed RNA from the mengovirus 
cDNA pM16 1 (7) (kindly provided by Dr A. Palmenberg. 
Wisconsin USA) Mengovirus vM16 1ДЦ12-52) was 
previously described (43) Mouse fibroblasts (L929 cells) were 
used for virus propagation and for the preparation of subcellular 
fractions (43) 
Plasmids The plasmid pGEX-PKA-ML was constructed 
by PCR amplification and cloning of mengovirus leader protein 
encoding region into the prokaryolic expression vector pGEX-
4TI (Pharmacia Biotech) The mengovirus cDNA pM16 1 was 
used as template for PCR The oligonucleotide 5'-TGG TTT 
TCC GGA TCC CGT CGT GCA TCT GTT ATG GCT АСА 
ACC ATG-3 was used as forward primer and contained a 
BamHI restriction site followed by a sequence encoding the 
phosphorylation site recognised by protein kinase A (PICA) 
(which are underlined) The oligonucleotide 5'-GGA TGA GGT 
GAA TTC TTA TTG TGT CTC GAA CAC-3' was used as 
reverse pnmer and contained an EcoRI restriction site 
Amplification was performed with ULTma DNA polymerase 
according the manufacturer's instructions (Perkin Elmer Cetus) 
The PCR product was digested with BamHI and EcoRI and 
ligated into pGEX-4Tl The inserted fragment was confirmed 
by sequence analysis 
The plasmid pGEX-PKA-SG3 was constructed by PCR 
amplification and cloning of a fragment encoding amino acids 
26 to 92 of the protein secretogranin III using plasmid pQSG3 
as a template (12) The oligonucleotide 5 -TTC GTC CAC GTC 
GGA TCC CGT CGT GCA TCT GTT ATT AAG CAA GAT 
AAA GAT GTA-3 was used as forward pnmer and contained a 
BamHI restriction sue followed by a sequence encoding the 
phosphorylation site recognised by protein kmase A (PKA) The 
oligonucleotide 5'-ACT ACC GAA AGA GAA TTC TTA GCT 
TCC ACT 1 CT CTT CAC ATC-3' was used as reverse pnmer 
and contained an EcoRI restriction site Amplification and 
cloning were performed as described above 
The plasmid pSP-Luc-IRES-CAT was constructed by 
cloning of the EcoRV-XhoI fragment from pM16 l(XhoI 3416) 
(44) mio the plasmid pSP-Luc (Promega) which contained the 
firefly luciferase (Luc) gene under control of the SP6 promoter 
This resulted m the construct pSP-Luc-IRES-LPl. which 
contained the mengoMrus 1RES element and viral leader and 
capsid proteins encoding regions, downstream the luciferase 
gene Thereafter the chloramphenicol acetyltransferase (CAT) 
gene from the vector pCM7 (Pharmacia Biotech) was amplified 
by PCR The oligonucleotide 5-GCT AAG GAA GCT CCT 
GAG GAG AAA AAA АТС ACT GG-3' was used as forward 
primer and contained an AocI restriction site The 
oligonucleotide 5-ATA ACT GCC TTA CTC GAG ITA GCG 
CCC GCC CTG CCA C-3' was used as reversed pnmer and 
contained a Xhol restriction site The PCR product was digested 
with AocI and Xhol and cloned into pSP-Luc-IRES-LPl The 
inserted CAT fragment of the resulting plasmid pSP-Luc-LRbS-
CAT was confirmed by sequence analysis 
Proteins and antibodies Translation initiation factors 
eIF3 eIF4A eIF4E and elF4F were a gift from Dr A Thomas 
(University of Utrecht The Netherlands) 
Mengovirus leader protein and SgÍTI were expressed from 
pGEX-4T-PKA-ML and pGEX-4T-PKA-Sg3 respectively, as 
N-terminal fusion proteins with glutathione-S-transferase 
(GST) GST was expressed from pGEX-4Tl GST and the 
fusion proteins were expressed m Escherichia coli BL21 and 
purified using the affinitj matrix glutathione-sepharose 
(Pharmacia Biotech) GST and the GST-mengovirus leader 
fusion product (GST-L) were eluted from the affinity matnx 
with 0 1 M reduced glutathione (Pharmacia Biotech) The 
mengovirus leader and Sgl 11 proteins were released from the 
bound GST by digestion with biotmylated thrombin (Novagen) 
The resulting mengovirus leader and SglH proteins contained 
anN-terminal PKA phosphorylation site and were purified from 
the biolinylated-thrombin by streptavidine-agarose (Novagen) 
The recombinant mengovirus leader protein was used to 
immunize rabbits 
In vitro translation. In vitro translation of viral copy RNAs 
was previously desenbed (44) The plasmid pSP-Luc-DŒS-
CAT was linearized by digestion with Xhol and transenbed in 
vitro by SP6 RNA polymerase with the Riboprobe in \uro 
transcription system as instructed by the manufacturer 
(Promega) In vitro translations were performed with nuclease 
treated rabbit reticulocyte lysate (Promega) containing 5μ§ in 
vitro transenbed copy RNA/ml, and 1 цСі/μΙ ["S]-methionine 
(Amersham) Translation mixtures were incubated for 1 h at 
30°C In vitro protein synthesis was analysed by SDS 
Polyacrylamide gel electrophoresis and autoradiography (37) 
Isolation of nbosomal proteins. Ribosomes and nbosoma) 
submits were isolated according to Kneg et al (20) L929 cells 
were grown m 175 cm2 culture flasks until monolayers became 
confluent The monolayers were washed twice with 10 ml of 
cold hypotonic buffer (5 mM Tns-HCl pH7 4. 1 5 mM KCl 2 5 
niM MgCI,) and lysed with 1 ml of cold lysis buffer (hypotonic 
buffer, supplemented with 1% Tnton X-100 and 1% sodium 
deoxycholate) Lysates from five flasks were collected and 
pooled The nuclear fraction was removed by centnfugation at 
4°C for 5 nun at 5000 rpm in a Sorvall SS-34 rotor The 
supernatant was brought to a final volume of 8 ml with lysis 
buffer, and layered onto a discontinues gradient consisting of 2 
ml 1 M sucrose and 2 ml 0 5 M sucrose in a buffer containing 5 
mM Tns-HCl pH7 4. 500 mM KCl, 2 5 mM MgCI, 1% Tnton 
X-100 1% sodium deoxycholate and 1 mM dithiotreitol 
Ribosomes were pelleted by centnfugation at 4°C for 18 h at 
270,000 χ g m a Beekman SW41 rotor The 80S nbosomal 
fraction was resuspended in a buffer containing 20 mM Tns-
HCL pH7 4, 100 mM KCl. 5 mM MgClj. and 1 mM 
dithiotreitol For the preparation of nbosomal subumts KCl was 
added to a final concentration of 500 mM. followed by 
incubation for 20 nun at 37°C in the presence of 2 mM 
puromycin The nbosomes were layered onto a continuous 7 5 
to 37 5% sucrose gradient made in 50 mM Tns-HCl pH7 4 500 
mM KCl. 3 mM MgCI,. and 4 mM dithiotreitol and centnfuged 
at 4°C for 4 h at 100.000 χ g in a Beekman SW41 rotor The 
40S nbosomal peak was collected and pelleted by centnfugation 
for 18 h at 100.000 χ g in a Beekman SW41 rotor The 
nbosomal subumts were resuspended and stored in ahquots at -
80°C 
Western blotting. Samples were electrophonsed on SDS 
Polyacrylamide gels and transferred to a nitrocellulose 
membrane The membrane was blocked by 1% nonfat milk 
powder and 1% normal goat serum m phosphate buffered saline 
(PBS) for 1 h The membrane was probed with rabbit antiserum 
in blocking reagent and incubated overnight at room 
temperature The membrane was washed three times with 0 05% 
Tween-20 ш PBS and incubated with an alkaline phosphatase 
conjugated goal anti rabbit IgG (DAKO) m PBS with 1% nonfat 
milk powder for 2 h at room temperature The membrane was 
washed three times with 0 05% Tween-20 in PBS and once in 
alkaline phosphatase assay buffer (AP buffer 0 1 M Tns pH9 5 
0 1 M NaCl. 5 mM MgCI,) Alkaline phosphatase reaction was 
performed with NBT/BCIP in AP buffer at room temperature 
Far-Western assay. The recombinant PKA-mengovirus 
leader protein was phosphorylated m vitro as desenbed by 
Blanar and Rutten (2) 50 ng of protein was incubated for 15 
mm at 30°C in 20 mM Tns-HCl pH7 5, 100 mM NaCl, 12 mM 
MgCl2, 1 mM DTT, 50 μΟ [γ-
12Ρ]ΑΤΡ of 5000 mCi/mmol 
(Amersham) and 10 units of protein kinase A (Sigma) in a 
reaction volume of 30 μΐ The "P-labeled protein was purified 
by gelfiltration on sephadex G25 and eluted with far-Western 
buffer A (20 inM HEPES-KOH pH7 7, 75 mM KCl. 2 5 mM 
MgCI;. 0 1 mM EDTA. and I mM DTT) Cellular lysates and 
protein fraction were separated by SDS-PAGE and transferred 
to nitrocellulose membrane (1) Immobilized proteins were 
denamred/renatured with guamdine-HCI treatment according to 
the slightly modified method desenbed by Vinson et al (38) 
After transfer the nitrocellulose membrane was washed for 10 
mm m 6 M guanidine-HCI m far-Western buffer В (25 mM 
HEPES-KOH pH7 7,25 mM NaCl. 5 mM MgCI,. 1 mM DTT 
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Figure 1. The mengovirus leader protein inhibits 5'-end dependent initiation of translation. (A) Schematic representation of a 
dicistronic mRNA encoding the luciferase protein (Luc) under control of 5'-end dependent initiation of translation, and 
chloramphenicol acetyltransferase (CAT) under control of the mengovirus 1RES element. (B) Effects of addition of GST-mengovirus 
leader fusion protein (GST-L) or GST on in vitro translation of the 5'-capped dicistronic mRNA in rabbit reticulocyte lysate. In vitro 
translation reaction were performed either in the absence or in the presence of 5, 10, or 20 μΜ GST-L (lanes 1 to 4) or GST (lanes 5 
to 8). Translation reactions were analysed by SDS-PAGE and autoradiography. Products of the reporter proteins Luc and CAT are 
indicated. (C) Luciferase synthesis was measured by densitometry and the production in the presence of GST-L is expressed as 
percentage of the production in the presence of equal concentration of GST. (D and E) Effects of addition of GST-L or GST on in 
vitro translation of the 5'-uncapped dicistronic mRNA in rabbit reticulocyte lysate. Experimental conditions and analyses were as 
described in Figures IB and 1С. (F) Effect of the mengovirus leader protein on eIF4G integrity. Untreated rabbit reticulocyte lysate 
(lane 1) and lysates treated for lh at 30°C with either 20 μΜ GST-L (lane 2) or the foot-and-mouth disease virus leader protease (lane 
3) were tested for eIF4G cleavage by immunoblotting using an antiserum directed against the N-terminal part of eIF4G (42). 
Cleavage products of eIF4G are indicated. 
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and 0 05% NP-40) whereafter the solution was removed and 
replaced by fresh 6 M guanidine-HCl in far-Western buffer В 
After an incubation period of 10 mm the 6 M guanidine-HCl 
solution was decanted and diluted with an equal volume of far-
Western buffer В The nitrocellulose membrane was incubated 
with the diluted guanidine-HCl solution for 5 mm The dilution 
step was repealed four times whereafter the nitrocellulose 
membrane was washed for 10 mm with unsupplemented far 
Western buffer В The nitrocellulose membrane was blocked in 
I °o nonfat dry milkpowder in far-Western buffer В for 1 h The 
membrane was then incubated for 1S h m far Western buffer С 
(buffer A supplemented with 0 05% NP 40 and 1% nonfat dry 
milkpowder) containing J2P-labeled PKA-mengovirus leader 
protein at 3 5 χ 10s cpm/ml The membrane was washed for 30 
nun with three changes of far-Western buffer С Finally, the 
membrane was air dried and analyzed by autoradiography 
Analysis оГ viral RNA synthesis Monolayers (2 5 cm2) of 
L929 cells were inoculated with virus at an MOI of 50 TOD» 
per cell Virus suspensions were replaced by fresh medium after 
30 mm adsorption at 36°C At various times postinfection total 
RNA was isolated from the cells with the guanidimum 
thiocyanate-phenol-chloroform method as described by 
Chomczynski and Sacchi (4) RNA was dissolved in 20 μΙ 
distilled water and used for dot blot analysis (1) The 
mengovirus cDNA clone pM16 1 was labeled with [a- P]dATP 
(Amersham) by nick translation (1) After hybridization RNA 
spots were cut out and measured for radioactivity in a liquid 
scintillation counter 
Preparation of polysomal fractions Polysoms! fractions 
were isolated according lo Pensiero and Lucas Lenard (29) 
L929 cells were grown in 17S cm' culture until monolayers 
became 80% confluent Monolayers were mock infected or 
infected with either mengovirus wild-type or the previously 
described mengovirus leader protein deletion mutant 
vM16 1ДЦ12-52) (43) Cells were removed from the culture 
flasks 3 h postinfection by a cell scraper and collected by mild 
cenlnfugation Cells were washed twice m ice-cold PBS and 
finally lysed m polysome isolation buffer (10 mM HEPES-
KOH pH7 4 2 mM MgAc, and 150 mM KCl) supplemented 
with 0 4% Tnton X-100 Lysates were gently vortexed and 
cellular debns was removed by centnfugation for 3 min at 
13 000 χ g Supematants were loaded on 15-40% continuous 
sucrose gradients in polysome isolation buffer and cenmfuged 
for 3 h at 240 000 χ g m a Beekman SW41 rotor Optical 
density distributions at 280 nm wavelength in the gradients were 
analysed in a continuous flow spectrophotometer 
RESULTS 
Mengovirus leader protein inhibits cap-
dependent translation initiation in vitro. Recently, 
we argued that the mengovirus leader protein is 
involved ш the inhibition of host cell protein synthesis 
(43) To investigate the role of the mengovirus leader 
protein in the inhibition of translation initiation of the 
infected host cell, we studied the effects of the leader 
protein on the translation of a dicistronic messenger 
RNA (Figure 1A) The upstream luciferase gene is 
translated under control of a 5'-cap structure The 
functional startcodon is implemented into the Kozak 
consensus sequence for optimal translation initiation 
(18) The downstream chloramphenicol 
acetyltransferase (CAT) encodmg gene is separated 
from the luciferase gene by the mengovirus 1RES 
element 
In vitro translation experiments were performed to 
determine the role of the leader protein in translation 
inhibition The mengovirus leader was expressed as a 
GST-L fusion protein GST-L caused a dose-
dependent inhibition of the cap-dependent translation 
of the luciferase gene (Figure IB) The 1RES 
dependent translation of the CAT gene on the other 
hand, was not seriously affected (Figures IB and 1С) 
GST alone did not affect the translation of either 
luciferase or CAT (Figure IB) Degradation of eIF4G 
by the mengovirus leader was not observed during m 
vitro translation (Figure IF) It was concluded that the 
leader protein inhibits cap-dependent translation 
Mengovirus leader protein inhibits S'-end 
dependent translation initiation of uncapped RNA 
in vitro. Translation initiation in vitro does not fully 
depend on the presence of a 5'-cap structure (22) In 
the absence of a S'-cap structure, binding of translation 
initiation factors and subsequent blading of the 43 S 
nbosomal submit to the S'-end occurs as well, 
although less efficiently If the mengovirus leader 
protein directly interacts with the cap-binding process, 
initiation of translation of uncapped mRNAs should be 
less affected by the mengovirus leader protein 
However, the GST-L protein inhibited translation 
initiation of uncapped mRNA to a similar extent as 
initiation of 5'-capped mRNA (Figure ID) Inhibition 
of 5'-end translation initiation of uncapped mRNA was 
also leader protein dose-dependent (Figure IE) Again, 
GST alone did not affect the translation of uncapped 
mRNA (Figure ID) 
These results show that the inhibitory effect of the 
mengovirus leader protein on host cell translation is 
not due to interference of the leader protein with the 
cap-binding process but presumably by an interaction 
with other cellular processes involved in translation 
initiation 
Mengovirus leader protein interacts with 
cellular proteins. Initiation of translation requires 
numerous different components Reasonably, 
mengovirus leader protein may interfere with initiation 
of 5'-end dependent translation by interacting with one 
or more cellular components involved in translation 
initiation To demonstrate possible interactions 
between the leader protein and cellular factors, a far-
Western analysis on cellular lysates was performed 
For these experiments the mengovirus leader protein 
was released from the GST-L fusion protein by 
digestion with thrombin The recombinant leader 
protein contained an artificial N-terminal 
phosphorylation site, which can be in vitro 
phosphorylated by protein kinase A Total lysates of 
mock infected and mengovirus infected L929 cells 
were separated by SDS electrophoresis, transferred to 
nitrocellulose and probed with recombinant 32P-labeled 
leader protein (Figure 2, lanes 1 and 2) Interactions 
were observed between the mengovirus leader protein 
and a number of cellular proteins No differences were 
observed in binding patterns of the leader protein with 
lysates from either mock-infected or mengovirus 
infected cells This result indicates that the mengovirus 
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Figure 2. The mengovirus leader protein interacts with 
cellular proteins but not with translation initiation factors 
involved in cap-binding. Lysates of either mock or mengovirus 
infected L929 cells, and preparations of translation initiation 
factors were separated by SDS electrophoresis on 12.5% 
Polyacrylamide gels and transferred to a nitrocellulose 
membrane. A far-Western assay with 32P-labeled mengovirus 
leader protein was performed as described in Materials and 
Methods. Molecular weight markers are indicated at the left 
side. Lane 1: Lysate of mock infected L929 cell. Lane 2: Lysate 
of mengovirus infected L929 cells. Lane 3: eIF3 complex. Lane 
4: eIF4A. Lane 5: eIF4E. Lane 6: eIF4F complex. 
leader protein interacts with constituently expressed 
cellular proteins. 
Translation initiation of both host cell mRNA and 
viral RNA depends on the activity of a number of host 
cell proteins. Binding of the 43S ribosomal subunit to 
both capped and uncapped host cell mRNA requires 
the translation initiation factors eIF3, 4A, 4E, and 4G 
(31). Initiation factors eIF3, 4A, and 4G are also 
required for IRES-dependent translation initiation (30). 
To study possible interactions between the leader 
protein and these host cell translation initiation factors, 
far-Western analysis was performed with purified 
initiation factors eIF3, eIF4A, eIF4E, and eIF4F 
(Figure 2). No signals were found in far-Western 
analysis with these initiation factors. Therefore, it was 
concluded that none of the translation initiation factors 
tested interacted with the leader protein, and that 
inhibition of 5'-end dependent translation initiation by 
the leader protein involves another mechanism. 
Mengovirus leader protein interacts with 
ribosomal proteins. Initiation of translation of host 
cell mRNA is directed by specific interactions between 
translation initiation factors, the 5'-end of mRNA, and 
the 40S ribosomal subunit. No interactions were found 
between the mengovirus leader protein and translation 
initiation factors, but the viral protein is capable to 
inhibit specifically 5'-end dependent translation 
initiation. For this reason, we examined possible 
interactions between ribosomal proteins and the 
mengovirus leader protein. Complete 80S ribosomes 
and the 40S small ribosomal subunit were purified 
from L929 cells by ultracentrifugation in discontinuous 
and continuous sucrose gradients. Purification was 
performed in presence of detergents and 0.5 M 
potassium chloride to remove all bound translation 
initiation and elongation factors from the ribosomes. 
Far-Western analysis showed that the mengovirus 
leader protein interacted with a number of ribosomal 
proteins (Figure 3B). The interactions found 
corresponded well with those found after far-Western 
analysis of total cellular lysates (Figure 2). This shows 
that mengovirus leader protein predominantly reacts 
with ribosomal proteins. Interactions were found 
between the leader protein and proteins from the 40S 
ribosomal subunit mainly with an approximate 
molecular weight of 14 and 30 kDa (Figures ЗА and 
3B, lanes 2). 
The majority of ribosomal proteins are highly basic 
because of the presence of clusters of basic amino acid 
residues. The observed interactions in the far-Western 
assay between the mengovirus leader protein and 
ribosomal proteins might be caused by a non-specific 
binding of the acidic leader protein to basic amino acid 
residues of the ribosomal proteins. To test whether the 
inhibitory effect of the leader protein on 5'-end 
dependent translation is due to a nonspecific binding of 
an acidic protein to the basic ribosomal proteins, as a 
control, far-Western analysis was performed with 
another highly acidic protein. Database search for 
acidic proteins useful as controls identified 
secretogranin III (SglII) as a highly acidic protein (12, 
13). A small region of Sglll, representing amino acids 
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Figure 3. The mengovirus leader protein interacts with 
ribosomal proteins. Preparations of 80S ribosomes and the 40S 
small ribosomal subunit were separated by SDS-electrophoresis 
on 12.5% Polyacrylamide gels. The separated proteins were 
either stained in the gel with Coomassie Brilliant Blue or 
transferred to nitrocellulose. A far-Western assay was performed 
on the nitrocellulose membranes as described in Materials and 
Methods. (A) Coomassie Brilliant Blue staining of the 
ribosomal proteins. (B) Far-Westem assay with P-labeled 
mengovirus leader protein. (C) Far-Western assay with !2P-
labeled Sglll. Molecular weight markers are indicated at the left. 
Lane 1: 80S ribosomes. Lane 2: 40S ribosomal subunits. 
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26 to 92, was expressed and purified The resulting 
recombinant protein was similar to the mengovirus 
leader protem with respect to size and numbers of 
aspartic acid and glutamic acid residues No binding of 
SglH with nbosomal proteins was found (Figure 3C), 
indicating that the interaction of the mengovirus leader 
protem with nbosomal protems is not merely due to 
the acidic nature of the leader protem, but to a specific 
interaction with nbosomal proteins The specificity of 
the interaction was confirmed by m vitro translation of 
the dicistronic construct described above Addition of 
Sgin had no effect on the efficiency of the 5'-end 
dependent translation initiation (data not shown) 
Mengovirus leader protein is present in the 
nbosomal fraction of infected cells. The results 
obtained so far, suggest that the mengovirus leader 
protein blocks initiation of translation by interacting 
with nbosomal proteins To demonstrate the 
significance of these findings in vivo, nbosomal 
fractions were prepared from mengovirus infected 
L929 cells in the absence of potassium chloride to 
avoid the loss of possible bound leader protein trom 
the nbosomes The presence of the mengovirus leader 
m the nbosomal fraction of mengovirus infected L929 
cells was investigated by immunoblotting using 
antibodies raised against the recombinant leader 
protein Figure 4 shows that the mengovirus leader 
protein is associated with the nbosomal fraction of 
infected cells No signal was observed with nbosomes 
from uninfected cells (Figure 4) Also no signals were 
found in nbosomal fractions from infected cells which 
were prepared in the presence of 0 5 M potassium 
chloride, which causes the release of the leader protein 
bound to nbosomal protems (data not shown) These 
results provided further evidence that the leader protein 
specifically interacts with nbosomal protems 
Mengovirus leader protein causes the 
disaggregation of polysomes. The m vitro 
experiments described above showed that the 
mengovirus leader protein inhibits 5'-end dependent 
translation It was also shown that the leader protein 
mteracts specifically with nbosomal proteins Because 
translation of mRNAs is contmously reinitiated, 
actively translated mRNAs consist of polysomes on 
which multiple nbosomes are present Inhibition of 
translation initiation decreases the number of 
translating nbosomes on mRNA, and should 
consequently reduce the size and amount of polysomes 
in infected cells To mvestigate whether inhibition of 
translation by the mengovirus leader protem affects 
polysomal rearrangements in vivo, we analysed the 
polysomal contents of cells infected with either wild-
type mengovirus or a previously described mengovirus 
mutant m which the region encoding ammo acids 12 to 
52 of the leader protein was deleted (AL-mengovirus) 
(43) This AL-mengovirus is unable to inhibit host-cell 
protem synthesis efficiently (43) 
It was previously shown that the AL-mengovirus 
displays a reduced virus growth compared to wild-type 
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Figure 4. The mengovirus leader protein is present in the 
nbosomal fraction of infected cells L929 cells were either mock 
or mengoviras infected Total cell lysates and the nbosomal 
fractions were separated by SDS electrophoresis on 17 5% 
Polyacrylamide gels and analysed by Western blotting with a 
rabbit antiserum raised against mengovirus leader protein as 
described in Materials and Methods Lane 1 Ribosomal fraction 
of mock infected L929 cells Lane 2 Ribosomal fraction of 
mengovirus infected cells Lane 3 Recombinant mengovirus 
leader protein 
mengovirus growth (43) Reasonably, replication of 
AL-mengovirus RNA may be reduced compared with 
wild-type virus RNA replication and thereby indirectly 
affecting host cell translation initiation Analysis of 
polysomes in wild-type and AL-mengovirus mfected 
cells should be performed at a time point before viral 
RNA replication is initiated to ensure that the same 
amount of viral proteins is present m either wild-type 
or AL-mengovirus mfected cells Figure 5A shows that 
until 4 h postmfection hardly any replication of viral 
RNA is found and no differences in RNA synthesis 
between wild-type and AL-mengovirus can be 
observed 
Furthermore, it should be considered that the 
deletion of a part of the leader encoding sequence 
might affect the efficiency of translation initiation of 
the viral RNA (5) A reduction m virus translation 
might affect host cell translation initiation independent 
of the presence of the leader protein Therefore, the 
efficiency of translation initiation of both wild-type 
and ÄL-mengoviral RNA was analysed by in vitro 
translation The in vitro protem synthesis was analysed 
by SDS electrophoresis (Figure 5B) The results 
showed that partial deletion of the leader encodmg 
sequence did not affect mengoviral RNA translation 
and that translation initiation efficiency m the AL-
mengovirus was as efficient as in the wild-type 
mengovirus 
Polysomal fractions were analysed in mock 
mfected cells and cells mfected (MOI 50) with either 
wild-type or AL-mengovirus at 3 h postinfection At 
this time pomt, no RNA replication takes place and 
nearly all viral proteins are synthesised from input viral 
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Figure 5. (A) Viral RNA synthesis in wild-type mengovirus (•), and AL-mengovirus ( · ) infected L929 cells. Cells were 
infected with an MOI of 50 TCID5(/cell. At various time points RNA was isolated and dot-spotted. Viral RNA synthesis was 
measured by hybridisation with a mengovirus specific probe. (B) In vitro translation of copy RNA transcribed from either wild-type 
mengovirus RNA or ÄL-mengovirus RNA. Samples were taken at the times-points indicated above the lanes and analysed by SDS-
electrophoresis as described in the text. 
RNA. The polysomal content of the cells was 
harvested and polysomal fractions were isolated by 
ultracentrifugation in continuous sucrose gradients and 
measured by spectrophotometry. Figure 6 shows the 
results of five independent experiments. Polysomal 
contents of wild-type mengovirus infected cells is 
declined to 55% compared to mock infected cells, 
whereas in AL-mengovirus infected cells the 
polysomal fraction was hardly affected compared to 
mock infected cells. Thus, disaggregation of 
polysomes correlates with the mengovirus leader 
protein mediated inhibition of host cell protein 
synthesis. These findings implicate that the leader 
protein is responsible for the inhibition of host cell 
translation initiation in cardiovirus infected cells and 
thereby causes the disaggregation of polysomes. 
DISCUSSION 
Initiation of host cell translation is a highly 
regulated process. An important target for translational 
control involves the translation initiation factors crucial 
for the binding of the 43S ribosomal subunit to the 5'-
end of both capped and uncapped mRNAs (reviewed 
in 22). Obviously, the translation initiation process 
offers important targets for virally induced systems for 
the inhibition of host cell translation. For 
picornaviruses, one mechanism of host cell translation 
inhibition is well established. Enteroviruses, 
rhinoviruses, and aphthoviruses infections result in the 
proteolysis of the translation initiation factor eIF4G by 
virally encoded proteases (6, 9, 19). Degradation of 
eIF4G is not found in cardiovirus infected cells. Here, 
we show that cardiovirus leader protein is able to 
inhibit 5'-end dependent translation initiation of both 
capped and uncapped mRNAs by a specific interaction 
with ribosomal proteins. This is a novel mechanism for 
the inhibition of host cell translation initiation. 
Inhibition of host-cell translation in EMCV 
infected cells has also been correlated with the 
dephosphorylation of 4E-BP1, which in its 
unphosphorylated form is a repressor of eIF4G activity 
(10, 26, 36). Dephosphorylation of 4E-BP1, however, 
disables only 5'-cap dependent translation initiation. It 
is therefore unlikely that the mengovirus leader protein 
is somehow involved in the process of 4E-BP1 
dephosphorylation. The relative contributions of the 
leader protein mediated inhibition of translation 
initiation and the dephosphorylation of 4E-BP1 
remains to be established. A synergistic role of both 
processes in the cardiovirus-induced shut-off of host 
cell mRNA translation may be possible. 
The exact function of the ribosomal proteins 
remains to be established. Apart from the protection of 
the ribosomal RNA, ribosomal proteins are involved in 
the specific interaction with translation initiation and 
elongation factors (24, 40). The majority of ribosomal 
proteins is highly basic with a mean pi of 11.05. This 
common feature of ribosomal proteins is caused by the 
relatively large amounts of arginine and lysine 
residues, which are found in clusters of three to four 
consecutive amino acid residues (40). The cardiovirus 
leader protein is a highly acidic protein in which the 
acidic amino acids also are present in clusters of three 
consecutive aspartic acid or glutamic acid residues. 
This molecular feature may explain the specific 
interactions between the cardiovirus leader protein and 
ribosomal proteins. We found that the leader protein 
interacts with a subset of ribosomal proteins, mainly 
with components having an approximate molecular 
weight of 14 and 30 kDa. Because more than 15 
ribosomal proteins of this molecular weight are known, 
the identity of the 14 kDa protein is not known. 
However, there are only three proteins of 
approximately 30 kDa present in the 40S ribosomal 
subunit. These proteins, S2, S3a, and S4 are all 
localised in the region of the 40S ribosomal subunit to 
which the mRNA molecule, the initiator methionyl-
tRNA, and the initiation factor eIF2 are bound during 
initiation of translation. The 30 kDa proteins are also 
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Figure 6 The mengovirus leader protein disaggregates 
polysomes of infected cells L929 cells were mock infected or 
infected with either wild-type or AL-mengovirus at an MOI of 
50 TCID5C)/cell Polysomes were isolated 3 h after infection as 
described in Materials and Methods The polysomal fractions of 
the cells are expressed as percentage of the polysomal contents 
of mock infected cells The mean values of 5 independent 
experiments are shown 
the assembled 80S nbosome (24) It seems that the 
cardiovirus leader protein binds to ribosomal proteins 
which are involved m the assembly of 80S nbosomes 
The inhibitory effect of the leader protein on host cell 
translation may result from a restricted transition from 
translation initiation to protein elongation 
Actively translated mRNA molecules normally 
consists as polysomes As a consequence of inhibition 
of translation initiation, amounts and sizes of active 
poh somes will be reduced Analysis of the polysomal 
contents in mengovirus infected cells showed that the 
pol>somal fraction of these cells was indeed 
diminished This result confirmed the data by Penman 
and Summers (28) and by Pensiero and Lucas-Lenard 
(29) who also described a complete disaggregation of 
polysomes m Picornavirus infected cells We showed 
that no disaggregation of polysomes occured in cells 
infected with a mengovirus in which the leader protein 
was deleted This phenomenon corresponds with the 
inability of the mengovirus leader protein deletion 
mutant to inhibit host cell protein synthesis (43) Our 
findings clearly show that in cardiovirus infected cells, 
the leader protem is responsible for the disaggregation 
of polv somes 
At this time, it is unknown how viral RNA 
translation can continue while host cell mRNA 
translation initiation is inhibited The mam difference 
in virus and host cell translation is obviously the 
initiating event 1RES dependent translation initiation 
requires nearly all canonical cellular mitiation factors, 
including components of the cap-binding complex 
eIb4F Binding of eIF4A, eIF4B, and eIF4G is 
essential for 1RES dependent translation initiation (30) 
Ffficient 1RES mediated translation initiation also 
requires noncanonical host cell factors such as the 
polypy rimidine tract binding protein (PTB), which are 
not used in 5'-end dependent translation (11, 16, 23) 
Higher order RNA structural elements within the 31-
terminal region of the 1RES element and the S'-part of 
the leader encoding region direct the binding of PTB 
(16) Association of PTB to the 1RES has been shown 
to enhance the binding of the 43S ribosomal subunit, 
thereby increasing the efficiency of IRES-dependenl 
translation initiation Possibly, PTB, or other yet 
unknown cellular factors, may compensate for the 
inhibitory effect of the cardiovirus leader protein on 
translation initiation 
Entry of the 43S ribosomal subunit to the viral 
RNA is mediated by basepamng of the 3' border of the 
1RES element and the 18S ribosomal RNA (33, 35) 
The same region of the IRbS was found to have a high 
affinity for the eIF2/2B complex (34) The binding site 
for eIF2 on the 40S ribosomal subunit is partly 
positioned m the region were the 30 kDa ribosomal 
proteins are found The 5'-end cap-structure at cellular 
mRNAs is recognised by the eukaryotic translation 
initiation factor еІЕ4Г forming the cap-binding 
complex At this stage the interaction between еІГ4Г 
and translation initiation factor еГГЗ generates the 
binding of the 43S premitiation complex to the 5 -end 
of the mRNA The 43S premitiation complex scans 
along the mRNA molecule in a 5' to 3' direction until 
the 5' proximal startcodon is reached (18) Recently, 
Pestova et al (31) described the role of the initiation 
factors 1 and 1A m this process They found that 
factors 1 and 1A are not required for binding of 
mRNA to 43S ribosomal subunit, but are absolutely 
necessary for scanning the 43 S subunits along the 
mRNA to reach the mitiation codon (31) Importantly, 
they found that IRTS dependent initiation of 
translation of EMCV RNA does not require elFl and 
clFlA They hypothesized that the mRNA binding-site 
of the 40S ribosomal subunit is an open cleft that can 
bind internal mRNA sequences Durmg scanning this 
cleft should be kept shut by elFlA in order to select 
for the correct initiation codon The cleft is found at 
the region in the 43S subunit which forms the interface 
with the 60S subunit (31) Possibly, the cardiourus 
leader protein can occupy the elFlA bindmg-site or 
induce an aberrant configuration of elFlA and therebs 
abolish ribosomal scanning and assembly of 80S 
nbosomes in 5'-end dependent translation, while 1RES 
dependent translation initiation continues 
In conclusion, we have found a novel mechanism 
of virus mduced inhibition of host cell translation 
initiation in which a virally encoded protem mteracts 
with ribosomal proteins and causes the disaggregation 
of polysomes 
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Summary and General Discussion 
The family of picomavindae comprises a large 
group of human and animal pathogens including six 
different genera Enteroviruses, rhinoviruses, 
cardioviruses, aphthoviruses, hepatoviruses, and 
parechoviruses 
Picomavmises are small viruses with a single 
stranded genomic RNA molecule with positive polarity 
which is equivalent to cellular messenger RNA The 
genomic RNA contains a single large open reading 
frame (ORF) Cell entry is followed by uncoating of 
the virion, whereafter the genome is translated into a 
large viral polyprotem Initiation of translation of viral 
RNA is 5' cap-independent and regulated via the 
internal nbosome entry site (1RES) This 1RES element 
is positioned just upstream the initiating AUG 
startcodon Three different regions can be recognized 
within the ORF of the viral RNA The PI region, 
which encodes the structural or viral capsid proteins 
The cardioviruses and aphthoviruses also encode an N-
terminal, nonstructural leader protein The P2 and P3 
regions encode the nonstructural proteins 2A, 2B, 2C, 
ЗА, 3B, 3C, and 3D and their precursors 2BC, ЗАВ, 
3CD, and 3ABC The nonstructural proteins are 
involved m polyprotem processing and viral RNA 
replication The first 90 nucleotides of the 5' UTR and 
the 3' UTR consist of higher order RNA structural 
elements Together with the poly-A tail, these 
structural elements are involved in the initiation of 
synthesis of plus and minus strand RNA 
Shortly after infection, host cell protein synthesis is 
inhibited The decline m host protein synthesis 
correlates with the rapid shift from cellular mRNA 
translation to the predominant translation of viral 
RNA Inhibition of cellular mRNA translation during 
Picornavirus infection depends on the successful 
recruitment of the translational machinery for viral 
translation In cells infected with enteroviruses, 
rhinoviruses, and aphthoviruses, this is achieved by 
cleavage of initiation factor eIF4G, directed by either 
the cnteroviral and rhinoviral 2A protease or the 
aphthoviral leader protease Cleavage of eIF4G 
prevents S'-cap dependent initiation of translation of 
cellular mRNA, whereas viral 1RES dependent 
translation continues Infection of cells with 
cardioviruses results also m a rapid shut-off of host cell 
protein synthesis, but modification of translation 
initiation factors has not been observed until now 
Cardioviruses produce both a leader and a 2A protein 
From an evolutionary point of view, it could be 
expected that either the leader protein or the 2A protein 
of the cardioviruses are mvolved m the regulation of 
host-cell protein synthesis However, these proteins 
show no similarities with the leader and 2A protems of 
the other picomavmises and proteolytic activity has 
never been demonstrated for these protems 
The work described m this thesis was performed to 
gam more insight into the role of the cardiovirus leader 
and 2A proteins in virus reproduction and more 
specifically on their functions m translational control 
m cardiovirus infected cells In chapter 1 of this 
thesis, an introduction is given on the genome 
organisation and virus replication In addition, this 
chapter reviews viral translation and the effects of 
picomavmises on cellular metabolism 
OVERVIEW OF THE MAIN FINDINGS 
DESCRIBED IN THIS THESIS 
Until now, the biological functions of the 
cardiovirus leader protein were unknown By means of 
analysis of a leader protein deletion mutant first insight 
was obtained about the cellular processes m which the 
cardiovims leader protein is mvolved (Chapter 2) 
Deletion of the leader protein resulted m a mutant virus 
with decreased growth characteristics Pulse labeling 
of infected cells showed that deletion of the 
cardiovirus leader protein is detrimental to virus 
mediated shut-off of host cell protem synthesis Due to 
the production of ìnterferon-ct/p (IFN-α/β), antiviral 
mechanisms are activated in infected L929 cells by a 
cascade of several phosphorylation reaction Especially 
the production and activation of the RNA-dcpendent 
protem kinase (PKR) is upregulated The virally 
mduced shut-off of host cell protem synthesis in wild-
type mengovirus infected L929 cells circumvents the 
antiviral activity of IFN-α/β and thereby enables the 
wild-type virus to replicate efficiently in L929 cells 
However, in mutant virus infected cells the IFN-a/ß 
mduced antiviral mechanisms are fully activated, 
which result m the clearance of mutant virus infections 
m L929 cells Kinase inhibitors like 2-aminopunne (2-
AP) are able to prevent the activiation of IFN-α/β and 
PKR Treatment of cells with 2-AP and a subsequent 
infection with mutant virus resulted in the inhibition 
of host cells protem synthesis and m the rescue of 
mutant virus growth These findings implicated that the 
leader protem is involved in the inhibition of host-cell 
protem synthesis and may thereby have a similar 
function as other Picornavirus leader or 2A protems 
In chapter 3, we investigated a possible role of the 
cardiovirus 2A protem m translation regulation m 
infected cells To this end, a molecular genetic 
approach was used The mengovirus 2A protem 
encoding region was modified by means of (ι) a series 
of overlappmg deletions, (n) replacement by the 
coding region of the homologous Theiler's 
encephalomyelitus virus 2A protem, and (in) 
replacement by the coding region of the 
nonhomologous Coxsackie B3 virus 2A protease It 
appeared that m both the deletion mutants and the 
Theiler's virus 2A chimeric construct, the viral 3C 
protease mediated cleavage of the VP 1/2A junction 
was hampered and resulted m an accumulation of the 
Ρ1-2A intermediate protem This indicated that the 
sequential release of the mature leader, 2A, and capsid 
protems from the L-P1-2A precursor is essential m 
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Figure 1. Putative model of the mechanism of inhibition of host-cell translation initiation by the cardiovirus leader protein (A): 
During scanning of the 40S nbosomal subunit the mRNA binding site is blocked by elFIA until the correct AUG codon is reached. 
(B) At this point, elFIA is released from the initiation complex and the 60S nbosomal subunit associates with the 40S subunit to a 
functional 80S ribosome. (C)1 During a cardiovirus infection, the elFIA binding site at the 40S nbosomal subunit is occupied by the 
viral leader protein (D): After reaching the startcodon, the leader protein remains attached to the 40S nbosomal subunit and 
consequently, assembly of the 80S ribosome is disabled 
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conformational changes of the cleavage products after 
each proteolytic event Two 2A deletion mutants and 
the Theiler's virus 2A chimeric construct were viable 
Independent of the hampered L-P1-2A processing, 
partial deletion of the mengovirus 2A protein or 
replacement of the 2A protein by Theiler's virus 2A 
resulted m a decrease of viral protein and RNA 
synthesis, and consequently in a reduced virus 
production compared to wild-type virus production 
Host protein synthesis was equally inhibited in wild-
type mengovirus as well as m 2A mutant virus infected 
cells It was therefore concluded that mengovirus 
protem 2A is not involved m the shut-off of host cell 
protein synthesis but has a direct function m virus 
replication on the level of either virus translation (e g 
as an enhancer) or RNA replication (e g m initiation) 
The inhibition of host-cell translation by 
enteroviruses, rhinoviruses, and aphthoviruses is 
accomplished by the proteolysis of the translation 
initiation factor eIF4G by either the aphthovirus leader 
protease (Lpra) or the enterovirus and rhinovirus 2A 
protease (2Apro) In chapter 4 a study is described to 
investigate similarities m functions of host cell shut-off 
which are found in various picomaviruses To this end, 
either the aphthovirus leader protease or the 
coxsackievirus B3 2A protease were placed in the 
position of the mengovirus leader protem The 
coxsackievirus B3 2Apr° containing mengovirus was 
not viable, most probably because of defects m the 
processing of the artificial 2Apr°-VP4 junction A 
chimeric virus was obtained upon transfection of RNA 
transcribed from the V"° chimeric construct The 
aphthovirus I """-chimera was capable to rapidly cleave 
translation initiation factor eIF4G both in vitro and m 
vivo Infection with the L^-chimera resulted m an 
efficient inhibition of host-cell protem synthesis which 
was even observed several hours earlier than m wild-
type mengovirus infected cells Cleavage of eIF4G by 
Lpr° caused an enhancement of viral RNA translation 
and an accelerated viral RNA synthesis within the first 
hours after mfection However, durmg the final stages 
of viral replication viral translation of the L^-chimera 
was impaired which resulted m reduced virus yields It 
was therefore concluded that the aphthovirus L"™ is 
able to replace the function of the mengovirus leader 
protein in the inhibition of host-cell protem synthesis 
but has a negative effect on the finely tuned regulation 
of translation and RNA replication m cardiovirus 
infected cells 
To gain more insight mto the mechanism in which 
the cardiovirus leader protein is involved m host cell 
translation shut-off, the ability of the leader protem to 
inhibit host-cell translation was further analysed by m 
vitro translation usmg a dicistronic messenger, and 
protein-protein interaction studies which are described 
m Chapter 5 It was shown that the mengovirus leader 
protein specifically inhibits 5'-end dependent 
translation initiation of both capped and uncapped 
mRNAs, without affecting IRES-dependent initiation 
of translation It was demonstrated that the mengovirus 
leader protem interacts with nbosomal protems both m 
vitro and in vivo Analysis of cells infected with 
either wild-type mengovirus or a mengovirus in 
which the leader protein was deleted, demonstrated a 
direct correlation between the expression of the leader 
protein and the disaggregation of polysomes These 
results argue that the mengovirus leader protein 
inhibits 5 -end dependent translation through an 
interaction with nbosomal proteins and provide 
evidence for a novel mechanism in Picornavirus 
induced inhibition of host cell translation initiation 
TRANSLATIONAL CONTROL IN 
CARDIOVIRUS INFECTED CELLS 
Efficient Picornavirus replication requires the shut-
off of host-cell translation shortly after infection This 
is achieved by the formation of virally encoded 
protems which interact with the translation initiation of 
cellular mRNAs Enteroviruses, rhinoviruses, and 
aphthoviruses induce inhibition of host-cell translation 
through proteolytic cleavage of eIF4G eIF4G is the 
initiation factor mvolved m 5-cap recognition 
Cleavage of eIF4G results therefore in the inhibition of 
cap-dependent translation In contrast, the inhibition of 
host-cell translation by cardioviruses is induced 
through the interaction of the leader protein with 
nbosomal protems (Chapter 5) Consequently, the 
cardiovirus leader protem is thereby responsible for the 
inhibition of not only 5'-cap dependent translation but 
also for the inhibition of 5'-end dependent translation 
of uncapped mRNAs The leader protein mediated 
inhibition of host-cell translation therefore represents a 
novel mechanism m Picornavirus induced shut-off of 
host-cell protem synthesis 
It was previously described by Pensiero and Lucas-
Lenard (3) that m cells infected with cardiovirus a viral 
protem can be found m the nbosomal fraction which 
has an inhibitory effect on host-cell translation 
Cardiovirus mfection resulted m an accumulation of 
80S nbosomal particles m which cellular mRNA and 
initiator methionyl-tRNA molecules are still present 
Host cell translation m cardiovirus mfected cells 
appeared to be blocked by a restricted transition from 
translation initiation to protein elongation (3) In 
chapter 5, it was shown that the accumulation of 
blocked nbosomal initiation complexes is an effect of 
the interaction of the cardiovirus leader protein with 
nbosomal protems 
Eukaryotic 80S nbosomes are formed by the 
association of two nbosomal subunit, a small (S) 40S 
subunit and a large (L) 60S subunit Each subunit 
consists of a core of nbosomal RNA surrounded by 
nbosomal proteins Although the exact functions of 
most nbosomal proteins are unknown until now, it is 
thought that a number of these proteins are involved in 
the regulation of translation through interactions with 
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translation initiation and elongation factors The 
majority of nbosomal proteins is highly basic with a 
mean pi of 11 05, which is caused by the relatively 
large amounts of arginine and lysine residues, which 
are found in clusters of three to four consecutive amino 
acid residues The cardiovirus leader protein is a highly 
acidic protein m which the acidic ammo acids also are 
present m clusters of three consecutive aspartic acid or 
glutamic acid residues This may explain the specific 
interactions between the cardiovirus leader protein and 
a number of nbosomal proteins It was shown 
(Chapter 5) that the leader protein interacts with a 
subset of nbosomal proteins, mainly with components 
having an approximate molecular weight of 14 and 30 
kDa The major interacting 30 kDa protein of the 40S 
nbosomal subumt, possibly either nbosomal protein 
S2. S3a, or S4, is localised in the region of the 40S 
nbosomal subumt to which the mRNA molecule and 
the initiator methionyl-tRNA bind during initiation of 
translation Further experiments have to be performed 
to identify the interacting 30 kDa protein of the 40S 
nbosomal subumt All 30 kDa proteins of the 40S 
subumt are also found at the interface of the 40S and 
60S subumts of the assembled 80S nbosome (2) 
Recently, it was found that in the process of translation 
initiation, factors 1 and 1A are not required for 
binding of mRNA to the small nbosomal subumt, but 
are absolutely necessary for scanning the mRNA by 
the small nbosomal subumt to reach the correct AUG 
start codon (4) Importantly, it was found that 1RES 
dependent initiation of translation of EMCV RNA 
does not require elFl and elFlA It was hypothesized 
that the mRNA binding-site of the 40S nbosomal 
subumt is an open cleft that can bind internal mRNA 
sequences During scanning, this cleft should be kept 
shut by еГРІА in order to avoid aberrant initiation and 
select for the correct initiation codon The cleft is 
found in the region of the 40S subumt where the 
nbosomal proteins S2. S3a, and S4 are present and 
which forms the interface with the 60S subumt (4) 
The С-terminal part of elFIA contains two clusters of 
the aspartic acid and glutamic acid residues These 
acidic clusters may be involved in the binding of 
elfi A to clusters of basic amino acids found in 
nbosomal proteins (Figure 1A) Initiation factor 1A is 
released when the correct AUG codon is recognised, 
whereafter association of the 60S nbosomal subumt 
can take place (Figure IB) The cardiovirus leader 
protein contains stretches of acidic ammo acids, 
similar to elFIA It is intriguing to speculate that the 
acidic part of the cardiovirus leader protein resembles 
the C-terminal part of elFIA The acidic region of the 
leader protem can occupy the elFIA binding-site or 
induce an aberrant configuration of elFIA and thereby 
abolish nbosomal scanning and assembly of 80S 
nbosomes in 5'-end dependent translation, whereas 
1RES dependent translation initiation commues as 
shown m Figures 1С and ID 
It was shown that the 2A protein of mengovirus is 
mvolved in vuns replication rather than inhibition of 
host cell protein synthesis (Chapter 3) Several 
decades ago, it was already desenbed that the EMCV 
2A protem binds to the nbosomal RNA of infected 
cells (5) This may indicate that the 2A protein plays a 
role in translation as well Inhibition of host-cell 
translation in EMCV infected cells correlates with the 
dephosphorylation of 4E-BPI, which in its 
unphosphorylatcd form is a repressor of eD?4G activity 
(1) Svitkin et al showed that efficient 
dephosphorylation of 4E-BP1 during EMCV infection 
depends on the activity of the viral 2A protem and is 
thereby associated with the inhibition of cap-dependent 
translation (6) However, we found that deletion of (he 
mengovirus 2A protem does not affect the virally 
mduced shut-off of host cell protein synthesis At this 
time, the reason for this discrepancy is still unclear 
The leader protem does not interfere with the cap-
binding process It is therefore unlikely that the 
mengovirus leader protein is somehow involved in the 
process of 4E-BP1 dephosphorylation The relative 
contributions of the leader and 2A proteins in the 
inhibition of translation initiation and the 
dephosphorylation of 4E-BP1 remains to be 
established It is attractive to speculate that a 
synergistic activity takes place in the cardiovirus-
ìnduced shut-off of host cell mRNA translation 
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De familie van de Picomavindae bestaat uit 
een groot aantal humane en dierlijke pathogenen en 
omvatten zes verschillende genera Enterovirussen 
(poliovirus, coxsackievirussen A en B, 
ECHOvirussen), de rhinovirussen, de cardiovirussen 
(encephalomyo-carditis virus, mengovirus, Thetler's 
virus), de aphtho-virussen (mond en klauwzeer virus), 
de hepatovirussen (hepatitis A virus) en de 
parechovirussen (ECHOvirus type 22 en 23) 
Picomavirussen zijn kleine virussen met een 
genoom dat bestaat uit een enkelstrengs RNA 
molecuul met een positieve polariteit Het virus komt 
de cel binnen door middel van een vimsspecifieke 
receptor op de buitenkant van de celmembraan Na 
binnenkomst in de gastheercel komt het virale RNA 
vrij in het cytoplasme, waama het RNA direct wordt 
getransleerd in een enkel polyproteine Dit 
polyproteine wordt cotranslationeel gekliefd door een 
of twee viraal gecodeerde proteases, gelegen op het 
polyproteine zelf Translatie van het virale RNA wordt 
onafhankelijk van een 5'-cap structuur geïnitieerd, en 
wordt gereguleerd door middel van de binding van 
nbosomen aan de "internal nbosome entry site" (1RES 
structuur) Deze 1RES structuur bevindt zich vlak voor 
het AUG startcodon Drie verschillende gebieden 
kunnen worden onderscheiden binnen het coderende 
gebied op het virale RNA Het PI gebied codeert voor 
de structurele virale eiwitten De cardiovirussen en de 
aphthovirussen coderen ook voor een N-termmaal, 
nietstructureel leader eiwit De P2 en P3 gebieden 
coderen voor de nietstructurele eiwitten 2A, 2B, 2C, 
ЗА, 3B, 3C en 3D en de intermediairen 2BC, ЗАВ, 
3CD en 3ABC De nietstructurele eiwitten zijn 
betrokken bij de klieving van het virale polyproteine en 
bij de replicatie van het virale RNA De eerste 90 
nucleotiden van het 5' niet getransleerde gebied 
(S'NTR) en de 3' NTR bestaan uit hogere order RNA 
structuren Samen met de poly-A staart zijn de RNA 
structuren betrokken bij de initiatie van de synthese 
van zowel de positieve als de negatieve RNA streng 
Kort na infectie wordt de eiwit productie van 
de gastheer cel volledig geremd De vermindering in 
gastheer eiwitsynthese valt samen met de snelle 
omschakeling naar de translatie van voornamelijk 
viraal RNA Infectie met enterovirussen, rhinovirussen 
en aphthovirussen leidt tot de proteolytische degradatie 
van de translatie initiatiefactor eIF4G Deze Proteolyse 
wordt bij enterovirussen en rhinovirussen uitgevoerd 
door de 2A proteasen en bij aphthovirussen door het 
leader protease Splitsing van eIF4G verhindert de 5'-
cap afhankelijke translatie initiatie van cellulair 
mRNA, terwijl de virale 1RES afhankelijke translatie 
zelfs wordt gestimuleerd Infectie met cardiovirussen 
heeft ook een snelle uitschakeling van de gastheer 
eiwitsynthese tot gevolg, maar een verandering van 
initiatiefactoren is tot nu toe niet aangetoond 
Cardiovirussen maken zowel een leader als een 2A 
eiwit Vanuit evolutionair oogpunt is het aannemelijk 
dat het leader eiwit en het 2A eiwit betrokken zijn bij 
de remming van eiwitproductie van de gastheercel De 
cardiovirus leader en 2A eiwitten vertonen echter geen 
enkele overeenkomst met de leader en 2A eiwitten van 
de andere picomavirussen Ook een proteolytische 
activiteit is nooit aangetoond voor deze en 2A eiwitten 
Het werk zoals beschreven in dit proefschrift 
werd uitgevoerd om meer mzicht te verkrijgen in de rol 
die de cardiovirus leader en 2A eiwitten spelen in de 
virusreplicatie en speciaal m de functies van deze 
eiwitten in de translatieregulatie in cardiovirus 
geïnfecteerde cellen In hoofdstuk 1 van dit 
proefschrift wordt naast een overzicht van de 
genoomorginisatie van het Picornavirus RNA genoom 
en de virus replicatie, met name de effecten van 
Picornavirus infecties op het cellulaire metabolisme 
beschreven 
De biologische functies van het cardiovirus 
leader eiwit waren tot nog toe onbekend Door middel 
van de analyse van een mutant waarin het leadereiwit 
ontbreekt werd een eerste inzicht verkregen m de 
cellulaire processen waarin het leader eiwit is 
betrokken (Hoofdstuk 2) Deletie van het leader eiwit 
leidde tot een mutantvirus met een verminderd 
groeivermogen In pulslabeling experimenten van 
geïnfecteerde cellen bleek dat bij deletie van het 
cardiovims leader eiwit het vermogen om de 
eiwitsynthese van de gastheercel te remmen verloren 
was gegaan Door de productie van interferon-α/β 
(IFN-a/p) worden m L929 cellen antivirale 
mechanismen geactiveerd door een cascade van 
opeenvolgende fosforylatie reacties Met name de 
productie en activiatie van het RNA afhankelijke 
protein kinase (PKR) wordt verhoogd De door het 
wildtype virus geïnduceerde remming van de 
eiwitsynthese van de gastheercel omzeilt de antivirale 
activiteit van IFN-ct/ß en PKR In mutantvirus 
geïnfecteerde cellen worden de IFN-ct/ß geïnduceerde 
antivirale mechanismen echter volledig geactiveerd 
Dit leidt tot een volledig herstel van de geïnfecteerde 
L929 cellen Kmase remmers zoals 2-aminopurine (2-
AP) zijn in staal om de activatie van IFN-o/ß en PKR 
bij virusinfecties te voorkomen Behandeimg van 
cellen met 2-AP gevolgt door een infectie met 
mutantvirus resulteerde m een remming van de 
eiwitsynthese van de gastheercel en leidde tot het 
herstel van de virusgroei Deze bevindingen impliceren 
dat het cardiovirus leader eiwit betrokken is bij de 
remming van de eiwitsynthese van de gastheercel Het 
leader eiwit heeft hiermee een functie in de 
virusreplicatie die overeenkomt met de functie van 
leader en 2A eiwitten van andere picomavirussen 
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In Hoofdstuk 3 hebben we de mogelijke rol 
van het cardiovirus 2A eiwit onderzocht in de 
translatieregulatie in de geïnfecteerde cel Daarvoor 
werd voor een moleculair genetische benadering 
gekozen Het gebied dat codeert voor het mengovirus 
2A eiwit werd veranderd door middel van (1) een reeks 
van elkaar overlappende deleties, (11) vervanging door 
het coderende gebied van het homologe 2A eiwit van 
Theiler's encephalomyelites virus, en (m) vervanging 
door het coderende gebied van het niet homologe 2A 
protease van het Coxsackie B3 virus Het bleek dat m 
zowel de deletiemutanten als het Theiler's virus 2A 
chimere construct de splitsing van de VP1/2A 
overgang door de virale 3C protease verstoord was en 
leidde tot een ophoping van de Ρ1-2A intermediair 
Deze resultaten gaven aan dat de opeenvolgende 
afsplitsing van de leader, 2A en virale mantel eiwitten 
van de L-P1-2A intermediair mogelijk van essentieel 
belang is voor de virusrephcatie en wordt gereguleerd 
door opeenvolgende conformationele veranderingen 
van de khevingsproducten na iedere proteolytische 
stap Twee 2A deletiemutanten en het Theiler's virus 
2A chimere construct waren levensvatbaar Los van de 
verstoorde L-P1-2A processing bleek dat gedeeltelijke 
deletie van het mengovirus 2A eiwit of vervanging van 
het 2A eiwit door Theiler's virus 2A leidde tot een 
vermindering in productie van virale eiwitten en viraal 
RNA, met als gevolg een verminderde virusproductie 
vergeleken met de groei van het wildtype virus De 
eiwitproductie van de gastheercel was in gelijke mate 
geremd na mfectie met wildtype mengovirus het 2A 
mutantvirus Het mengovirus 2A eiwit is niet direct 
betrokken bij de remming van de eiwitsynthese van de 
gastheer, maar heeft waarschijnlijk een directe functie 
in de virusrephcatie op het niveau van virale RNA 
translatie of RNA replicatie 
De remming van de gastheer translatie door 
enterovirussen, rhinovirussen en aphthovirussen wordt 
veroorzaakt door de Proteolyse van de translatie 
initiatie factor eIF4G door het aphthovirus leader 
protease (Ι/™) of het enterovirus en rhinovirus 2A 
protease (2AP">) Hoofdstuk 4 beshrijft het onderzoek 
naar de overeenkomsten ui de mechanismen voor de 
remming van eiwitproductie van gastheercel zoals die 
gevonden worden bij de verschillende picomavirussen 
Daarvoor werden of het aphthovirus leader protease of 
het coxsackievirus B3 2A protease op de positie 
geplaatst van het mengovirus leader eiwit Het 
mengovirus met het 2Apr° eiwit was niet levensvatbaar, 
waarschijnlijk door defecten in de processmg van de 
artificiële 2Apr7VP4 overgang Na transfectie van 
RNA afkomstig van het aphthovirus V"° chimere 
construct werd een chimeer virus verkregen De 
aphthovirus L^-chimeer was zowel m vitro als in vivo 
m staat tot een snelle klieving \an de translatie initiatie 
factor eIF4G Infectie met de Lpro-chimeer leidde tot 
een efficiente remming van de gastheer eiwitsynthese 
Deze remming werd enkele uren eerder waargenomen 
dan de remming van de gastheer eiwitsynthese m 
wildtype mengovirus geënfecteerde cellen Klieving 
van eIF4G door Lpr° veroorzaakte een verhoogde 
translatie van viraal RNA en een versnelde synthese 
van viraal RNA binnen enkele uren na mfectie 
Gedurende de laatste fase van de virusrephcatie was de 
virale translatie van de L^-chimeer vertraagd Dit 
leidde uiteindelijk tot een verminderde virusproductie 
De leader protease van aphthovirussen is inderdaad m 
staat om de functie van het mengovirus leader eiwit m 
de remming van de gastheer eiwitsynthese over te 
nemen, maar tegelijkertijd heeft de protease activiteit 
negatieve gevolgen voor de nauwkeurige afstemming 
van translatie en RNA replicatie m cardiovirus 
geïnfecteerde cellen 
Om meer inzicht te krijgen ш het mechanisme 
waarin het leader eiwit is betrokken werd het 
vermogen van dit eiwit om de gastheertranslatie te 
remmen verder geanalyseerd met behulp van in vitro 
translatie van dicistronisch mRNA en bestudering van 
eiwit-eiwit interacties (Hoofdstuk 5) Aangetoond 
werd dat het mengovirus leader eiwit specifiek de 5'-
afhankehjke translatie initiatie remt, onafhankelijk van 
de aanwezigheid van een capstructuur De 1RES 
afhankelijke virale translatie wordt daarbij niet 
beïnvloed Ook weTd aangetoond dat het mengovirus 
leader eiwit een mteractie aangaat met nbosomale 
eiwitten, zowel m vitro als in vrvo Uit de analyse van 
cellen die geïnfecteerd waren met wildtype 
mengovirus of een mengovirus waaruit het leader eiwit 
was verwijerd, bleek dat er een direct verband bestaat 
tussen de aanwezigheid van het leader eiwit en de 
desaggregatie van polysomen Deze resultaten 
ondersteunen de hypothese dat het mengovirus leader 
eiwit de translation initiatie aan het 5' uiteinde remt 
door middel van een mteractie met nbosomale 
eiwitten Hiermee is een nieuw mechanisme gevonden 
voor de remming van de gastheertranslatie door een 
Picornavirus De implicaties van deze bevindingen zijn 
samengevat en bediscussieerd m een breder perspectief 
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3D RNA polymerase 
5' terminal oligopyrimidine tract 
eIF4E binding protein 1 
alkaline phosphatase 
adenosine 5'-triphospate 
5 -bromo-4-сЫого-З -indolyl phosphate 
baby hamster kidney cells 
chloramphenicol acetyl transferase 







eukaryotic translation initiation factor (e.g. eIF4A) 
encephalomyocarditis virus 
endoplasmatic reticulum 
foot-and-mouth disease virus 
guanosine 5'-diphosphate 










multiplicity of infection 
messenger RNA 
nitro blue tetrazolium 
Nonidet P40 
niet getransleerde regio 
open reading frame 
Polyacrylamide gel electrophoresis 
phosphate buffered saline 
polymerase chain reaction 
protein kinase A 
polypyrimidine tract binding protein 
ribonucleic acid 
ribonucleic protein complex 
reverse transcriptase 
sodium dodecyl sulphate 
secretogranin III 
50% tissue culture infective dose 
Theiler's murine encephalomyelitis virus 
transfer RNA 
untranslated region 
genome linked viral protein (3B) 
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